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Abstract
The goals of this thesis are to find new and more efficient material systems as
well as concepts for nonlinear optics on the nanoscale. Nonlinear optical effects
are mainly limited in such systems by the low nonlinear susceptibility and low
photo stability of the used materials.
To improve the low nonlinear susceptibility, plasmonic materials have been used
for several years. These systems use the near-field enhancement of the plas-
monic resonance to increase the nonlinear conversion efficiency. The efficiency
can additionally be increased by using the evanescent plasmonic near-field in
the vicinity of the plasmonic nanostructure. Therefore, a highly nonlinear organic
polymer is deposited on the plasmonic nanostructures, creating a hybrid organic
plasmonic material. Several organic materials are particularly suited due to their
high nonlinear susceptibility and their simple and reproducible handling. Com-
bined with high photo stability, these are the key requirements for a suitable poly-
mer. However, several tested polymers did not meet these requirements. Notably,
the photo stability is too low.
Furthermore, for the first time it could be unambiguously proven that these hybrid
materials can be improved due to an increased overall nonlinear susceptibility.
Many other concepts for hybrid materials only utilize the modified near-field dis-
tribution and cannot benefit from the surrounding nonlinear medium or cannot
exclude this influence. The presented layout can easily be improved by replac-
ing the used polymer with other existing polymers that exhibit larger nonlinear
susceptibilities.
The hybrid plasmonic structures use gold as plasmonic material. Even if it is more
photo stable than polymers, gold does not withstand high illumination intensities
due to its low dimensional stability. This is a major drawback since most applica-
tions require a stable plasmon resonance. To overcome this issue a simple but
effective way to significantly increase the thermal stability as well as the photo
stability of gold nanostructures is presented. The improved properties are due to
an alumina protective coating. The alumina coating can be as thin as 4 nm main-
taining access to the enhanced near-field of the plasmonic nanostructure. With
this concept a platform for nonlinear optics and high temperature applications is
available that is stable in air at temperatures up to 900 ◦C and still has excel-
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lent optical properties. Moreover this system withstands laser intensities at least
up to 10 GW/cm2, one order of magnitude more than usually used intensities for
nonlinear spectroscopy on gold nanostructures.
Finally, common and more uncommon plasmonic materials are surveyed to de-
termine their linear and nonlinear optical properties. Furthermore, the thermal
and chemical stability with and without a protective alumina coating is investi-
gated. Based on the collected data silver, gold, copper, magnesium, and alu-
minum could be identified and confirmed to be suitable materials for nonlinear
applications. Moreover, nickel, palladium, platinum, germanium, and YH2 are in-
vestigated for their plasmonic and thermal properties, however suitable nonlinear
properties have not been observed. Based on this survey a comparison of the
presented materials is possible, which surprisingly did not exist until this survey.
Bi2Te2Se is investigated as an unusual plasmonic material that exhibits edge state
plasmons. These edge state plasmons arise from the topological properties of
the material. Up to now these edge state plasmons have only been observed via
electron excitation. To reveal the predicted localized modes nanostructures are
fabricated by several methods and dark field spectroscopy is applied. However,
no optical plasmonic response could be identified, most likely due to the small
scattering rate of the material.
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Zusammenfassung
Ziel dieser Arbeit ist es neue und effizientere Materialsysteme sowie Konzepte für
den Einsatz in der nichtlineare Optik auf der Nanoskala zu finden. Die nichtlinea-
ren Effekte in diesen Systemen sind hauptsächlich durch die geringe nichtlineare
Suszeptibilität und Photostabilität der verwendeten Materialien beschränkt.
Seit einigen Jahren werden plasmonische Materialien zur Verbesserung der Kon-
versionseffizient in nanoskalierten Systemen untersucht. Diese Systeme nutzen
die Nahfeldverstärkung der plasmonischen Resonanz, um die nichtlineare Um-
wandlungseffizienz zu vergrößern. Diese Umwandlungseffizienz kann durch das
evaneszente Nahfeld um die plasmonische Struktur zusätzlich erhöht werden.
Um dies gezielt auszunützen, wurde ein hybrides organisch-plasmonisches Ma-
terialsystem hergestellt, indem die plasmonische Struktur vollständig mit einem
nichtlinearen Polymer bedeckt wurde. Einige organische Materialien sind beson-
ders geeignet, da sie eine hohe nichtlineare Suszeptibilität aufweisen und einfach
und reproduzierbar zu verarbeiten sind. Zusammen mit einer hohen Photostabili-
tät sind dies die wichtigsten Faktoren für ein geeignetes Polymer. Jedoch erfüllen
viele getestete Polymere diese Anforderungen nicht, insbesondere die hohe Pho-
tostabilität fehlt oftmals.
Des Weiteren konnte erstmalig gezeigt werden, dass bei einem hybriden System
die nichtlineare Suszeptibilität des verwendeten Dielektrikums signifikant zum ge-
samten nichtlinearen Signal beiträgt. Viele andere Umsetzungen eines hybriden
plasmonischen Systems nutzen letztendlich nur das veränderte Nahfeld und ge-
rade nicht das zusätzliche nichtlineare Material zur Erzeugung eines verstärkten
nichtlinearen Signals. Das vorgestellte Materialsystem kann durch austauschen
des Polymers mit Polymeren höherer nichtlinearen Suszeptibilität verbessert wer-
den.
Für das vorgestellte hybride plasmonische System wurde Gold als plasmonisches
Material verwendet. Es ist weitaus photostabiler als die verwendeten Polyme-
re. Allerdings widersteht auch Gold starker Beleuchtung nur unzureichend auf
Grund seiner geringen Formstabilität. Dies stellt eine ernsthafte Beeinträchtigung
dar, da die meisten Anwendungen eine stabile plasmonische Resonanz voraus-
setzen. Um diese Einschränkung zu überwinden, wurde ein simples, aber ef-
fektives Verfahren entwickelt. Durch eine Aluminiumoxid Schutzschicht kann die
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thermische Stabilität und Photostabilität von Gold Nanostrukturen deutlich ver-
bessert werden. Die Aluminiumoxid Schutzschicht ist bereits mit einer Dicke von
nur 4 nm funktionsfähig und gewährt, dank dieser geringen Dicke, den Zugriff auf
das verstärkte Nahfeld der plasmonischen Nanostruktur. Mit diesem Materialsys-
tem existiert eine Plattform für Hochtemperaturanwendungen, die bis 900 ◦C in
Luft stabil ist und die exzellenten optischen Eigenschaften von Gold beibehält.
Darüber hinaus widersteht dieses Materialsystem einer Laserintensität von min-
destens 10 GW/cm2. Dies ist eine Größenordnung mehr als normalerweise für
nichtlineare Spektroskopie an Gold Nanostrukturen verwendet wird.
Darüber hinaus wurden mehrere gewöhnliche und ungewöhnliche plasmonischen
Materialien bezüglich ihrer linearen und nichtlinearen optischen Eigenschaften
untersucht. Zu den untersuchten Eigenschaften gehören außerdem die thermi-
sche und chemische Stabilität mit und ohne Aluminiumoxid Schutzschicht. Ba-
sierend auf den gewonnen Daten konnten Silber, Gold, Kupfer, Magnesium und
Aluminium als gut geeignete Materialien für nichtlineare optische Anwendungen
identifiziert beziehungsweise bestätigt werden. Ferner wurden die plasmonischen
und thermischen Eigenschaften von Nickel, Palladium, Platin, Germanium und Yt-
triumdihydrid betrachtet. Für diese Materialien konnten keine nichtlineare Eigen-
schaften gemessen werden. Dieser Materialvergleich der Nanostrukturen ist ins-
besondere deshalb interessant, da dies die erste publizierte vergleichende Studie
darstellt.
Zusätzlich zu den oben aufgeführten Materialen wurde der topologischen Isolator
Bi2Te2Se hinsichtlich plasmonischer Eigenschaften untersucht. Mittels Anregung
durch Elektronen konnte bereits gezeigt werden, dass dieses Material Plasmo-
nen ausbilden kann. Um diese auch optische nachweisen zu können, wurden
mittels unterschiedlicher Verfahren Nanostrukturen hergestellt, die mittels Dun-
kelfeldspektroskopie analysiert wurden. Es konnten aber mit diesem Verfahren
keine Plasmonen optisch nachgewiesen werden, wahrscheinlich auf Grund der
geringen Streurate dieses Materials.
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In the first chapter the background for all experiments performed during this thesis
is introduced. First, a short introduction to localized surface plasmons in nanos-
tructures is given. Second, nonlinear optical effects are presented and the theo-
retical framework that connects linear localized surface plasmon resonances with
the nonlinear response of nanostructures is introduced. Third, the used fabrica-
tion methods are briefly discussed.
1.1. Plasmon
A metal can be seen as a plasma of quasi-free conduction electrons and the re-
maining lattice. An incident light beam or charged particle can displace the quasi-
free electrons with respect to the lattice and initiate a damped oscillation. This col-
lective oscillation is called a plasmon. By introducing geometrical boundaries to
the metal, the eigenfrequency of this oscillation can be manipulated. These con-
fined plasmons are named localized surface plasmon [5] and are used throughout
this thesis. Mathematically it can be described as an harmonic oscillator.
Often the term "antenna" is used for the nanoparticle. An antenna is by definition
"a usually metallic device (such as a rod or wire) for radiating or receiving radio
waves" (Miriam Webster Dictionary). A several centimeters long metal rod can
absorb and emit radio waves, which have a wavelength of some centimeters. If
the metallic device is miniaturized, the eigenfrequency of the plasmon increases.
At few hundred nanometers size the absorption of the antenna is no longer in the
radio wavelength regime, but in the visible and infrared. Therefore, the device
acts now as antenna for these wavelengths. There are some subtle differences
though. For a radio antenna the resonance length of the antenna can easily be
approximated as integer multiple of the half free space wavelength. For optical
frequencies this easy relation does not hold any more because metals are not
perfect conductors in the visible and infrared compared to radio wavelengths [6].
1.1.1. Drude-Lorentz oscillator
A mathematical model to describe the optical response of quasi-free charged
particles is the Drude-Lorentz-Oscillator. It can be deduced from a classical force
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equation. In a metal the quasi-free particles are electrons. Quasi-free means
that the electron can be accelerated, however a restoring force exists. The whole
process is damped, that results in a certain life time of the oscillation. The external
force is exerted by an incident electric field or a charged particle.
Finertia − Fdamping − Frestoring = Felectric field
m
d2x(t)
dt2
+mγ
dx(t)
dt
+mω20x(t) = −eE(t).
(1.1)
In the above equation m is the effective mass of the electron, e the electron
charge, γ is the damping term, which is inverse proportional to the lifetime, and
ω0 is the eigenfrequency of the unperturbed system. The differential equation
describes a driven harmonic oscillator, that can be solved analytically for the dis-
placement x in the frequency domain
x(ω) =
− e
m
E(ω)
−iγω + (ω20 − ω2)
. (1.2)
In a homogeneous media with the particle density % the polarization P is given by
the density of the displaced charges times the displacement
P = −%ex(ω). (1.3)
The optical response is characterized by the relative permittivity, which can be
deduced via the dielectric displacement field
D = 0rE = P + 0E ↔ r = P + 0E
0E
. (1.4)
By reorganizing this equation, the final expression for the relative permittivity can
be deduced.
r =
ω2p
−iγω + (ω20 − ω2)
+ 1, (1.5)
where the plasma frequency ωp =
√
%e2
0me
was introduced. The imaginary and real
part of the relative permittivity can be expressed as
<(r) = 1 + ω2p
ω20 − ω2
(ω20 − ω2)2 + γ2ω2
=(r) = ω2p
γω
(ω20 − ω2)2 + γ2ω2
.
(1.6)
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These functions are plotted in figure 1.1.
1.1.2. Extinction
For a non-magnetic material, the imaginary part of the relative permittivity =(r)
can be directly associated to the measured optical extinction by the Beer–Lambert
law
Ex(r) = − ln IT
I0
=
ω
c0n
=(r)z
=
ω
c0n
ω2p
γω
(ω20 − ω2)2 + γ2ω2
z.
(1.7)
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Figure 1.1.: Relative permittivity and extinction based on the Drude-Lorentz-
Oscillator model (ω2p = 1, z/(c0n) = 1)
These relations allow a direct extraction of the parameters from the Drude-Lorentz
model from a measured extinction. What is more, these parameters can be used
to later on predict the nonlinear response based on the measured linear prop-
erties. This will be discussed in section 1.2.3. Equation 1.5 is determined by
few physical constants. The number of charged particles, the effective mass of
the particles, the damping term and the eigenfrequency of the oscillation. The
effective mass is given by the utilized material. The number of particles is given
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by the density of particles for the specific material. The losses can be divided
into two processes, radiative and non-radiative [5]. In a radiative loss process
the energy is lost in the creation of a photon [7]. This dominates for larger parti-
cles. Non-radiative processes are for noble metals mainly due to the formation of
electron-hole pairs [8].
1.2. Nonlinear optical properties of matter
Light-matter interaction exhibits a nonlinear response. However, compared to
other interactions it is extremely small. For example in mechanics it is well known,
that a guitar string does not only oscillate with its fundamental frequency, but
also with several higher harmonics, the overtones. These are responsible for the
characteristic timbre of an instrument. This behavior is not easily observed for
light matter interaction. Basically it would mean that for example a red light ray
passes through a window and exits partly as blue ray. This is not an everyday
observation due to the weak nonlinear optical susceptibility of matter and the
moderate electric fields of normal light sources. The effect became accessible
after the advent of the laser with its strong electromagnetic fields.
1.2.1. Nonlinear polarization
To quantify the nonlinearity of a given material a measure is needed. In literature
several different measures are used, which are shortly summarized in this para-
graph. The electric field inside matter is described by the dielectric displacement
field
D(t) = 0E(t) + P (t). (1.8)
The polarization P (t) quantifies the light-matter interaction. The polarization is
typically expressed as Taylor expansion in terms of the electric field in vacuum
E(t) and the coefficients are called the optical susceptibility χ.
P
0
= χ(1)E + χ2E2 + χ3E3 + . . . (1.9)
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It is worth mentioning, that the orders of susceptibility are tensors to take into
account spatially non uniform materials. The absolute value of the higher order
susceptibilities are rather small. Therefore, normally the polarization can be lin-
earized and expressed as
P (t) = 0
∫ ∞
−∞
dt′ χ(1)(t− t′)E(t′). (1.10)
The equation takes into account, that the interaction may not be instantaneous.
For strong electric fields higher order terms become significant. The quadratic
term vanishes for an isotropic and centrosymmetric material. This is due to the
inversion symmetry of the material that has to be reflected in the tensor.
χ(2)(x) = χ(2)(−x)∀x =⇒ χ(2) = 0 (1.11)
This is only true for a perfect, infinite material. However, nanostructures posses
a large surface where this is not longer valid. Accordingly, many centrosymmetric
materials exhibit a rather strong second order nonlinear response.
1.2.2. Nonlinear refractive index
The nonlinear susceptibility is connected to a nonlinear refractive index. There
exist two common definitions for the nonlinear refractive index [9]
n = n0 + n2I
n = n0 + n˜2 < E >
2= n0 + 2n˜2 |E|2
(1.12)
The intensity I is connected to the electric field according to
I = 20c0n0 |E|2 . (1.13)
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Based on these definitions the two representations of the nonlinear refractive
index are n2 (m2/W) and n˜2 (m2/V2), which are linked by
2n˜2 |E|2 = n2I
n˜2 |E|2 = n20c0n0 |E|2
n˜2 = 0c0n0n2
(1.14)
For an isotropic, centrosymmetric material the polarization and the nonlinear re-
fractive index can be linked straightforward.
P = 0
(
χ1 + 3χ3 |E|2
)
E (1.15)
For a non magnetizable µr = 1 and non absorptive k = 0 material the refractive
index is given by
n+ ik = n =
√
rµr =
√
r (1.16)
0rE = P + 0E
= 0E (χ+ 1)
r = 1 + χ1 + 3χ3 |E|2
n2 = 1 + χ1 + 3χ3 |E|2(
n0 + 2n2n00c0 |E|2
)2
= 1 + χ1 + 3χ3 |E|2
(1.17)
Comparing the coefficiencts leads to
n0 =
√
1 + χ1 n2 =
3
4n200c0
χ3. (1.18)
Finally, equation 1.14 and 1.18 lead to a link between the nonlinear refractive
index and the nonlinear susceptibility
n2 =
1
0c0n0
n˜2 =
3
4n200c
χ3. (1.19)
n2 is also referred to as Kerr nonlinearity and is the most prominent nonlinear
effect. It is a fundamental macroscopic property that explains effects such as
self-phase modulation [10], self-focusing [11], Kerr-modelocking [12], and opti-
cal Solitons [13]. Typical values for n2 and the response times can be found in
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literature, for example in Boyd "Nonlinear optics" [9].
10
-20
10
-16
10
-12
n
2
 (
m
2
/W
)
A
ir
B
K
7
C
S
2
G
a
A
s
A
u
 o
ff
-r
e
s
o
n
a
n
t
B
T
S
P
M
M
A
P
3
H
T
A
u
 r
e
s
o
n
a
n
t
G
ra
p
h
e
n
e
A
g
 r
e
s
o
n
a
n
t
Figure 1.2.: Examples for the nonlinear refractive indices. Values for air, BK7,
GaAs, Au off-resonant from [9], CS2 [14], BTS [15], PMMA [16], P3HT
[17], Au resonant [18], graphene [19], Ag resonant [20].
Unfortunately, the nonlinear refractive index is often stated in cgs units. The non-
linear susceptibility in the SI and cgs system are linked via the formula below
[9]
χ(3)(SI) =
4pi
9e8
χ(3)(cgs). (1.20)
1.2.3. Nonlinear Drude-Lorentz oscillator
The force equation for the excited electrons is only valid for weak displacements.
The equation neglects any non-harmonic part in the restoring force, or can also
be interpreted as a linearization of the electron potential. The full equation writes
m
d2x(t)
dt2
+mγ
dx(t)
dt
+mω20x(t) +m
∞∑
k=2
akx
k(t) = −eE(t). (1.21)
The most simple case is ak = 0 except for one. The resulting differential equation
is no longer analytically solvable. However, it can be solved in perturbation theory.
Therefore, the displacement is expressed as sum of the unperturbed term and the
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small nonlinear perturbation
x(t) = x(1)(t) + akx
(k)(t). (1.22)
This ansatz is inserted into the differential equation and sorted for the perturbation
parameter ak. Since ak is small, only linear terms in ak are kept.
∂2x(1)(t)
∂t2
+ γ
∂x(1)(t)
∂t
+ ω20x
(1)(t) = − e
m
E(t)
∂2x(k)(t)
∂t2
+ γ
∂x(k)(t)
∂t
+ ω20x
(k)(t) = − (x(1)(t))k (1.23)
These too, are ordinary differential equations, where the solution is known. With
the linear response function
D(ω) = (ω20 − ω2)− iγω (1.24)
they read
x(1)(ω) = − e
m
1
D(ω)
F [E(t)] ,
x(k)(ω) = − 1
D(ω)
F
[(
x(1)(t)
)k]
.
(1.25)
The k-th displacement can be easily expressed with the help of two Fourier trans-
formations that can numerically easily be computed.
x(k)(ω) = −
(
− e
m
)k 1
D(ω)
F
[(
F−1
[F [E(t)]
D(ω)
])k]
(1.26)
For a plain wave the nonlinear displacement can be easily analytically calculated
as well. The plain wave is given by
E(t) = c0e
iω0t,
F [E(t)] = c0δ (ω − ω0) .
(1.27)
Therefore, the first Fourier transform is given by
F−1
[F [E(t)]
D(ω)
]
=
∫
eiωt
c0δ (ω − ω0)
D(ω)
dω
=
c0e
itω0
D(ω0)
(1.28)
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and the final Fourier transform
F
[(
F−1
[F [E(t)]
D(ω)
])k]
= F
[(
c0e
itω0
D(ω0)
)k]
=
∫
e−iωt
ck0e
itkω0
Dk(ω0)
dt
=
ck0δ (ω − kω0)
Dk(ω0)
.
(1.29)
Finally, this gives
x(k)(ω) = −
(
− e
m
)k 1
D(ω)
ck0δ (ω − kω0)
Dk(ω0)
x(k)(t) = −
(
− e
m
)k 1
D(kω0)Dk(ω0)
(
c0e
iω0t
)k
= −
(
− e
m
)k 1
D(kω0)Dk(ω0)
Ek(t).
(1.30)
From this equation, it is clear why the linear response is important to the nonlinear
signal. The response function at the fundamental frequency enters in the order of
the chosen harmonic. The material response at the generated frequency enters
in linear order. Therefore, the material properties at the fundamental and at the
generated wavelength are crucial for the nonlinear process. By manipulating the
material properties with plasmonic resonances at either the fundamental or the
generated wavelength, plasmonics can improve the nonlinear optical process.
1.3. Fabrication
All experiments performed during this thesis use visible or near-infrared light
within a wavelength range from 600 nm to 1600 nm. Rod shape nanostructures
are chosen for all experiments due to simplicity. A fundamental plasmon reso-
nance in the visible or near-infrared is obtained for rod-shaped nanostructures
on glass for lengths between 100 nm to 400 nm. To realize such structure di-
mensions several possibilities exist. One option is to chemically synthesize these
nanostructures [21]. However, obtaining control of the alignment of many rods is
extremely challenging. Alternatively, the structures can be structured from a solid
film via ion beam milling [22]. To structure large areas via ion beam milling is very
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time consuming, however necessary for a decent signal to noise ratio . A faster
approach is the usage of a mask, that is subsequently transferred to the desired
material. The masks can be lithographically fabricated.
The easiest approach would be single step optical lithography. However, this
method cannot fabricate such small structures, due to the diffraction limit. Even
advanced techniques like two photon lithography are not capable of fabricating
such sophisticated structures. To overcome this limitation, photons with a shorter
wavelength or particles with a short corresponding de Broglie wavelength have to
be used. This prerequisite can be met with electrons. Therefore, the structuring is
done with electron lithography (eLine, Raith). Typical electron lithography systems
use acceleration voltages in the range from 10 to 30 kV that corresponds by the
de Broglie equation to wavelengths of
λ =
h
p
=
h
m0v
=
h√
2m0eU
≈ 1.23 ∗ 10
−9V−1/2m√
U
. (1.31)
For 20 kV the electron wavelength is 8.7 fm. However, the resolution of an electron
lithography system is much lower and typically around 10 nm. This is mainly due
to secondary scattering of the electrons and the limited spatial control of the beam
due to aberrations [23]. For the structures needed in this thesis, these limitations
are of no concern, since the smallest features are around 50 nm.
Suprasil
PMMA 200K
PMMA 950K
Espacer
Spin-coating
Electronbeam
lithography
DevelopmentMetal evaporationLift-Off
Figure 1.3.: Workflow for a nanostructuring process with a positive resist
24 1. Plasmonics
In general exist two types of processing schemes, which differ in the resist. The
mask is generated via removing parts of the resist. Either the exposed area is
removed, so called positive resist, or the unexposed area, negative resist. The
procedure is based on an electron sensitive polymer. One of the used polymers
is poly(methyl metacrylate) (PMMA), where the polymer undergoes scission by
electron exposure. The scission leads to an strongly increased solubility in the de-
veloping agent. For other polymers the used mechanism is cross linking through
the electron exposure. In this thesis mostly arrays of nanostructures are used
with large spacing between the individual structures. Therefore, a positive resist
is used to minimize the writing time of the electron beam. The process steps for
a positive resist are shown in figure 1.3.
As substrate typically Suprasil is used due to its high transmittance down to
200 nm. On the cleaned substrate two layers of PMMA are spin-coated (5 s at
3000 rpm, 30 s at 8000 rpm) and hard baked (4 min at 160 ◦C). The two layers
differ in the chain length, the lower one having 250.000 monomers and the upper
layer 950.000 monomers. On top a conducting layer (Espacer, Showa Denko)
is spin-coated. This is needed to prevent charging of the sample induced by the
electron beam. The PMMA is structured with an electron beam of normally 20 keV
and an area dose of 500 µC/cm2. After the writing process the Espacer is removed
with water and the structures written in the PMMA are developed for 60 sec in an
1:3 mixture of methylisobutylketone (MIBK) and isopropanol. Finally, the sample
is rinsed in pure isopropanol for another 30 sec. This development removes the
areas of the sample, which were exposed to the electron beam.
Due to the two layers of PMMA the walls form an undercut. This prevents later
on the formation of a continuous film during the material evaporation and leads to
better defined nanostructures. After the development the materials for the plas-
monic structure are evaporated on the PMMA mask. Normally, first a thin (2 nm)
adhesion layer of chromium or titanium is evaporated and later on the plasmonic
material is deposited. For the evaporation either a thermal evaporator or an elec-
tron beam evaporator can be used. The thermal evaporator heats the material by
transmitting a high electric current through a reservoir of the to evaporating ma-
terial. This method is limited to materials with low evaporation temperature, like
gold, silver, aluminum, and chromium. Materials with a high evaporation temper-
ature like tungsten cannot be evaporated with this method. For these materials
an electron beam evaporator is needed. This method uses a focused electron
1.3. Fabrication 25
beam, which is directed on a reservoir of the to evaporating material. For cer-
tain materials, especially compounds, other methods like sputtering or pulsed
laser deposition (PLD) is of advantage to create high quality films. After the
evaporation, a chemical lift off in N-ethyl-2-pyrrolidon (NEP) at 65 ◦C for 2 h or
N-methyl-2-pyrrolidon (NMP) at 80 ◦C for 1 h is performed. The remaining PMMA
can afterwards be removed with acetone or in an oxygen plasma.
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2.1. Hybrid plasmonic structures
This chapter is based on the already published work:
• Gelon Albrecht, Mario Hentschel, Stefan Kaiser, and Harald Giessen. Hy-
brid organic-plasmonic nanoantennas with enhanced third-harmonic gener-
ation. ACS Omega, 2(6):2577–2582, 2017. DOI: 10.1021/acsomega.7b00481
One of the most striking properties of plasmonic systems is the strong concen-
tration of the near-field in the plasmonic structure. What is more, the strongly en-
hanced fields extend even several nanometers beyond the physical dimensions
of the structure [24]. Many applications like refractive index sensing are based on
this property. Moreover, the elevated electric fields are very interesting for nonlin-
ear processes, where the process can benefit even more [25]. Examples for this
are second harmonic (SH) and third harmonic (TH) generation. Many systems
were proposed to effectively utilize the surrounding field of gold nanostructures
with additional inorganic [26, 27, 28, 29, 30, 31, 32, 33] or organic materials
[24, 34]. These compound materials are typically referred to as hybrid materi-
als. The common design is to place the dielectric material with a high nonlinear
refractive index at areas of increased local near-fields of the plasmonic structure
[35].
On first sight these materials show an enormous increase in the nonlinear signal
compared to their reference. The conversion efficiency is to small to measured
absolute. Therefore, a reference is needed to measure a relative conversion effi-
ciency. However, choosing a sound reference is often complicated and ambigu-
ous. A hybrid material has normally very different linear optical properties than the
individual constituents. However, the nonlinear properties are inextricably bound
to the linear properties, which is deduced in section 1.2.3. Therefore, the refer-
ence should be a material of spectrally uniform nonlinear conversion efficiency.
Most substrate materials like Suprasil or sapphire exhibit this behavior and are
therefore chosen as reference throughout this thesis. With this reference both
constituents of the hybrid material can be referenced. Typically, the hybrid sys-
tem is compared to the bare plasmonic system. Due to the dielectric component
of the hybrid system the near-field distribution of the hybrid and bare plasmonic
system vary usually strongly. For several materials where the origin of the en-
hanced nonlinear response is investigated, the change in the linear properties
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is identified as source of the increased nonlinear response and not a change in
the effective nonlinear susceptibility [28, 27, 26]. Accordingly, the nonlinear sus-
ceptibility of the hybrid system is determined by the nonlinear susceptibility of the
plasmonic component. Therefore, the nonlinearity of the dielectric material can-
not be utilized to improve the nonlinear process. This poses the question, if there
exists a system, in which the nonlinear susceptibility of the dielectric component
has an influence on the overall nonlinear efficiency.
Furthermore, systems where the dielectric material did not contribute to the non-
linear process are found to only partly use the available near-fields of the plas-
monic structure [28, 27]. Other studies considered destructive interference from
different crystal orientations [26] as the main reason for an absence of the in-
crease in the effective nonlinear susceptibility.
Systems where the nonlinear susceptibility is assumed to increase through com-
pletely embedded the plasmonic system in the dielectric surrounding [30, 36]
using the complete available near-field of the plasmonic structure. However, for
these systems it is not possible for discriminate between contributions from the di-
electric and the plasmonic part. A reference would be needed, which has compa-
rable linear properties reflecting a comparable near-field distribution in the hybrid
and the reference. A potential realization could be a switchable material, where
the linear properties are maintained, however the nonlinear properties change.
Polymers offer such possibilities. The nonlinear refractive index can be modi-
fied by photo degradation, whereby the linear refractive index is maintained. Ac-
cordingly, they offer a controllable off switch for the nonlinear susceptibility and
maintain their field distribution.
2.2. Experimental setup
To measure the nonlinear and linear properties of a polymer-plasmon hybrid sys-
tem a nonlinear spectroscopy setup is build. A sketch of the setup is displayed
in figure 2.1 (a). The laser source is a commercial titanium-sapphire laser (Mira
900, Coherent), with a tunable wavelength output between 750 nm and 870 nm.
The pulse duration steadily decreases from 350 fs for 750 nm to around 250 fs
for 870 nm. For all wavelengths the average laser power is above 100 mW. For
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Figure 2.1.: (a) Schematics of the spectroscopy setup. The laser impinges on
the sample (S). The collected light can be sent by a flip mirror either
through a neutral density filter (ND) to investigate the fundamental
light or through a Fourier pulse shaper to detect only the TH. (b)
SEM image of a typical nanostructured sample. (c) Used lasers; up-
per panel: the 7 fs ultrabroadband Ti:sapphire laser (Venteon One,
Venteon); lower panel: various spectra throughout the tuning range
of the tunable Ti:sapphire laser (Mira 900, Coherent)
some preliminary measurements also a 7 fs non-tunable ultrabroadband titanium-
sapphire laser is used (Venteon One, Venteon).
The laser output is attenuated by a neutral density filter wheel and wavelength
components shorter than 600 nm are filtered out with a long pass filter (3 mm
Schott RG 630). The beam is afterwards focused on the sample with an achro-
matic 50 mm lense. The laser spot has at the focal point a full width at half max-
imum (FWHM) of 20µm. Afterwards the beam is collimated with a quartz lense,
which transmits wavelengths as short as 200 nm.
The setup has two measuring arms, which can be selected by flip mirrors. One is
used for measuring the transmittance of the laser. This arm is equipped with sev-
eral neutral density filters to attenuate the fundamental laser wavelengths. The
other arm uses a quartz prism sequence to mechanically filter out the funda-
mental laser light in the Fourier plane of the prism sequence. Only wavelengths
shorter than 300 nm can pass the prism sequence. The prism sequence is used
owing to the lack of an efficient and broadband dichroic material transmitting
250 nm light and rejecting 800 nm light.
The light from both arms is spectrally resolved in a spectrometer (Acton i250,
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Roper Scientific) with a Peltier-cooled ultra-violet enhanced charge-coupled de-
vice (Pixis, Roper Scientific). The fundamental plasmon resonance is additionally
recorded in a commercial bright field microscope (Eclipse 2800 U, Nikon) and a
commercial FTIR spectrometer (Vertex 80, Bruker).
2.3. Sample design
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Figure 2.2.: (a) Visualization of the rod dimensions. (b) Visualization of the di-
mensions of the PMMA covered rod.
The samples are designed to exhibit plasmon resonances in the wavelength
range of the used laser setup. The most simple nanostructure design, rods, are
used to realize the hybrid material. Square arrays of well separated rods are
used to increase the overall nonlinear signal. The periodicity is 500 nm along the
long side of the rod and 333 nm along the short side of the rod. The arrays are
fabricated with electron lithography, described in section 1.3.
The Suprasil substrate is UV transparent and only exhibits a weak nonlinear-
ity [9]. The rods have a length varying from 120 nm to 190 nm and a width of
50 nm displayed in figure 2.2. In combination with an air superstrate and a 2 nm
chromium adhesion layer, a plasmon resonance at 800 nm is realized for a rod
length of around 180 nm. The short axis resonances peak for the width of 50 nm
is at around 500 nm.
One array has a total size of 100µm x 100µm. The array acts as grating with dis-
tinct grating modes, so-called Wood-Rayleigh or grating anomalies [37]. These
will occur at the air-glass (nglass = 1.45) and polymer-glass (nPMMA=1.48) inter-
face for both grating periodicities (333 nm for s-polarization and 500 nm for p-
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polarization). To investigate the influence of the anomalies on the transmittance
spectrum the system is numerically modeled. A scattering matrix simulation code
created by Thomas Weiss was used to model the described material system. The
code is particularly suited since it is a fast numerical method to solve Maxwell’s
equation for periodic systems [38, 39]. The results are displayed in figure 2.3.
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Figure 2.3.: (a) Scattering Matrix calculations of hybrid structures with varying
length (Height 45 nm, Width 50 nm). The Rayleigh anomalies at
333 nm (fundamental air-surface s-polarization), 500 nm (fundamen-
tal air surface p-polarization ) and 730 nm (fundamental glass-surface
and polymer-surface p-polarization) are indicated with the dashed
lines. The red area indicates the TH range. (b) Scattering Matrix
calculations of bare gold rods with varying length. Other parameters
as before.
The first order grating anomaly should be observed at the periodicity multiplied
with the refractive index of the surrounding material. For the polymer and the
glass this condition is met around 730 nm. A strong derivation from the smooth
form of the plasmon resonance is observed at this wavelength, which is due to the
expected grating anomaly. No effects are seen at 500 nm and 333 nm where the
grating anomalies to air are expected. No grating induced transmittance features
are visible for wavelengths shorter than the fundamental plasmon wavelength.
Especially, there are no prominent transmittance features in the spectral range of
the third harmonic visible. In the simulations a grating anomaly is observed near
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the plasmon resonance. This effect is not observed in the measurements due to
an imperfect fabrication of the structures, leading to an imperfect periodicity and
a smoothening of the grating anomaly.
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Figure 2.4.: Transmittance [40] and refractive index [41] of PMMA
To create a hybrid material a poly(methylmethacrylate) (PMMA) layer with a chain
length of 950.000 monomers is spin-coated on the substrate carrying the gold
rods. After a hard bake at 160 ◦C for 4 min the polymer forms a cover layer of
80 nm cover thickness. The thickness is well above the extension of the near-
field. The near-field decays rapidly outside the nanostructure. Strong enough
near-fields are found to extend around 4 nm into polymers [24]. However, the
range may strongly vary with the surrounding materials’ refractive index.
PMMA is commercially used for lithography applications, for example also as
mask for the fabrication of the gold rods used in the described experiment. It
has excellent handling properties and spin-coating reproducibly produces highly
homogeneous cover layers. In addition, PMMA provides in the investigated wave-
length range a rather high nonlinear refractive index [42]. It is transparent in the
spectral range of the plasmon resonance and starts to absorb below 300 nm [43].
Furthermore, PMMA can easily be wet-chemically dissolved or removed with oxy-
gen plasma. To reduce influences of the environment, especially oxygen, the
sample is kept after preparation at a pressure of 10−5 mbar.
The cover causes an increase of the effective refractive index of the rod envi-
ronment (nPMMA(800 nm)=1.48) and shifts the plasmon resonance to longer wave-
lengths. To maintain the plasmon resonance at around 800 nm, the rod length
has to be reduced by 60 nm to compensate for the shift.
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2.4. Third harmonic spectroscopy of hybrid
plasmonic nanorods
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Figure 2.5.: On the left the measured intensity at one third of the fundamental
wavelength is displayed. On the right the integrated intensity of the
spectra is shown as a function of the incident power.
The nonlinear and linear response are measured subsequently for different wave-
lengths. All measurements are performed with linearly polarized light. The po-
larization axis is always along the long axis of the rod. For each wavelength
the linear and nonlinear signal is measured on the sample and next to it on the
bare substrate. The substrate generates a nearly uniform TH response over the
investigated wavelength range. This is also expected, because there are no res-
onances in the investigated wavelength range for the substrate material[44]. The
TH intensity is around three orders of magnitude smaller than the TH intensity
from the plasmonic structures. To keep the integration times at 1 min the incident
laser power for the reference measurement is increased and the signal afterwards
scaled.
To verify the origin of the detected intensity for all samples, the power dependence
was measured. The detected intensity at one third of the fundamental wavelength
should scale as a cubic function of the excitation power. An example of such a
measurement is shown in figure 2.5.
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The measured intensity at one third of the fundamental wavelength is either cre-
ated by a coherent third harmonic generation, however can also origin from three
photon fluorescence. Especially, the hybrid material may give rise to fluorescence
due to the absorptive polymer layer, which starts to absorb below 300 nm. Since
the TH response is spectrally resolved, a major influence of three photon fluores-
cence can be excluded. This is depicted in figure 2.6 for a hybrid system and the
reference with different excitation wavelengths.
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Figure 2.6.: Intensity at one third of the fundamental wavelength for the hybrid
sample and the Suprasil/polymer reference. The dashed line denotes
the integrated TH.
Fluorescence always exhibits an asymmetric shape in the spectrum with a broad
shoulder towards higher wavelengths. Since this is clearly neither observed for
the hybrid structures nor the reference , three photon fluorescence can be ex-
cluded. Also for the bare gold structures, depicted in figure 2.5, no asymmetric
spectrum is visible. For the later discussion each measured spectrum is con-
densed into two values, the peak intensity wavelength and the integrated THG.
This is depicted as well in figure 2.6. With this procedure the multiple spectra can
be reduced to one curve. This is done for the sample and for the reference and
normalizing the sample to the reference curve including the different integration
times and exposure powers yields the THG enhancement that is shown in the
later figures.
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Owing to absence of three photon fluorescence, THG can be identified as sole
source. Besides the linear properties of the plasmon resonance also the χ3 de-
fines the absolute intensity of the emitted nonlinear signal. To determine a pos-
sible change of χ3 in the designated wavelength range, rods of different lengths
are measured. The measured linear and nonlinear response of three different rod
a
b
Figure 2.7.: (a) Linear transmittance spectra for bare gold rods with length of
170 nm (green), 180 nm (red) and 190 nm (blue). Dots represent
the measured data and the dashed lines a Lorentzian fit. (b) The
marks indicate the measured third harmonic enhancement spectra
of the bare gold system (referenced to the bare Suprasil substrate).
The solid line represents the prediction of the non-harmonic oscillator
model.
lengths are displayed in figure 2.7. No major difference in the THG enhancement
is visible for the different rod length. This indicates that the nonlinear suscep-
tibility is constant in the respective wavelength range. This is also meeting the
expectations. At 500 nm the d-band transitions occur and no interband transitions
are near the investigated wavelength range [45] to cause a strong wavelength
dependent χ(3). After excluding interband transition and three photon fluores-
cence effects affecting the measurements the TH generation of the hybrid and
the bare gold systems can be compared directly by their THG enhancement.
Both systems are measured at an average power of 2 mW that corresponds due
to the different pulse durations to 0.035 GW/cm2 for 870 nm to 0.025 GW/cm2 for
750 nm. The results are displayed in figure 2.8. The hybrid system is intention-
ally shifted to shorter wavelengths to eliminate the influence of decreased Drude
damping for gold [28]. Furthermore, the FWHM and the resonance amplitude are
not completely identical. The FWHM is 8 % narrower for the hybrid system and
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Figure 2.8.: (a) Linear transmittance spectra for the bare gold rods (red) and
PMMA-covered rods (blue). The lengths of the rods differ by 60 nm
to compensate for the spectral shift induced by the refractive index of
PMMA. The green curve traces the transmittance of the pure PMMA,
which is transparent in the investigated wavelength region. (b) The
marks indicate the measured TH enhancement spectra of the hybrid
system (referenced to a pure PMMA film) and bare gold system (ref-
erenced to the bare suprasil substrate). The solid line represents
the prediction of the non-harmonic oscillator model with the nonlin-
ear parameter of the bare gold system. The model underestimates
the hybrid system by a factor of 4. The dashed blue line is the non-
harmonic oscillator model, with a 4 times higher nonlinear parameter.
the peak transmittance 10 % smaller. The reduced transmittance is due to the
shorter gold rods and accordingly smaller gold volume of the hybrid system. The
TH enhancement follows the linear resonances for both systems. As reported
previously [46, 47, 28], the peak nonlinear enhancement is slightly red shifted
to the linear spectra for the hybrid system. For resonances with longer center
wavelength, a deviation of this behavior is measured. This is most likely due to
the non-constant time-bandwidth product of our excitation pulses. The nonlinear
response can be calculated with the non-harmonic oscillator model, introduced
in section 1.2.3. The calculations are shown as solid lines in the lower panel of
figure 2.8. The non-harmonic oscillator model for THG has only one free param-
eter, that is the cubic perturbation factor. All other parameters are extracted via a
fit from the linear resonance.
The free parameter was fixed by the measured THG of the bare gold structure
in red. The solid blue line of the calculated THG from the hybrid system applies
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the same cubic perturbation to the calculations of the hybrid system. This calcu-
lation strongly underestimate the THG. However, the calculations underestimate
only the amplitude, the shape is in good agreement. The dashed line displays
the calculated TH scaled with a factor of roughly 4. This means a deviation of the
nonlinear parameter. Therefore, the hybrid system does not exhibit the same non-
linear susceptibility than the bare gold system. Consequently, the non-harmonic
oscillator model suggests a different cubic perturbation parameter for the gold
system and the hybrid system. The perturbation parameter is directly linked to
the nonlinear susceptibility. Therefore, this implies a different effective nonlinear
susceptibility for both system. However, if the nonlinear susceptibility of the poly-
mer is the source of the increased THG is unclear. Other possible explanations
include a different distribution of the near-field in the hybrid system compared
to the bare gold system. As a result of this changed near-field distribution, the
electric field may be stronger concentrated inside the gold rod and the increased
THG is a result of an increased near-field amplification caused by the linear re-
fractive index of the polymer, rendering the nonlinear susceptibility of the polymer
insignificant for the nonlinear signal.
2.5. Controlled photodegradation
To eliminate the posed influence of the redistributed near-field the photo sen-
sitivity of the polymer is employed. The photo sensitive polymer can change
its nonlinear refractive index without substantially changing its linear refractive
index[48]. A change in the near-field for an unchanged geometry has to be re-
flected in the change of the transmission spectrum. If no change occurs and the
TH is changing, the cause has to be a modified nonlinear susceptibility. To de-
grade the polymer at first the damage threshold is determined. To do so, identical
hybrid systems are exposed to increasing excitation laser power. The tempo-
ral evolution of the TH is displayed in figure 2.9. Up to 2 mW no change in the
THG is visible over time. For higher powers the THG is decreasing over time and
the degradation is strongly increasing with increased incident laser power. Also
the bare gold system exhibits a degradation in THG. The degradation of gold is
reported to be due to reshaping of the gold particle and a change of the linear
resonance[49].
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Figure 2.9.: Degradation of the TH Signal for different excitation powers. On the
right panel is the hybrid system and on the left is the bare gold sys-
tem. The decay for the hybrid is much faster and the degradation
threshold is much lower.
In figure 2.10 the nonlinear response over time is displayed. The incident laser
power is set five times higher than the damage threshold of 2 mW. First the hybrid
system is illuminated under vacuum conditions (10−5 mbar). The TH intensity of
the hybrid system is clearly decreasing over time with a half-life time of roughly
300 s After an arbitrary time of roughly 2000 s, the PMMA is chemically removed
with NEP and acetone from the sample and subsequently a fresh PMMA layer
is spin-coated with identical spin-coating parameters. The TH is measured af-
terwards at the same position with the same power as before. At first, the TH
intensity nearly completely recovers to the initial value of the pristine sample. Af-
ter this initial recovery the TH intensity decays rapidly over time. The second
cycle is done in air and not in vacuum. The degradation is clearly dependent
on the environment. In air, the degradation is much faster with a half-life time of
only 20 s compared to 300 s in vacuum conditions. The cycles are repeated twice
to confirm the dependence on the environment and the reproducibility. From this
four cycles especially two points can be deduces. First, the TH intensity degrades
over time under intense laser excitation and the decay depends on the environ-
ment. Second, exchanging the polymer layer regenerates the TH signal. The TH
recovers after all cycles to 90 % of the initial value. The degradation can be ex-
plained by photo degradation of the PMMA. Several photo degradation processes
are known for PMMA [50]. Additional processes are possible in the presence
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of oxygen, providing additional degradation pathways and thereby increasing the
speed of the degradation. Furthermore, thermal degradation may also take place.
For gold nanorods, a large fraction of the absorbed laser power gets converted to
heat, leading to a local heating and destruction of the surrounding polymer [51].
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Figure 2.10.: In blue, the decay of the TH signal of a hybrid system exposed to
10 mW average laser power at the plasmon resonance wavelength
is depicted. In red, the decay of a bare gold system is drawn. After
every decay cycle, PMMA is removed and the new PMMA is spin-
coated on the sample. The cycles are measured in the order dis-
played, at the same spatial point. The decay of the hybrid system is
significantly faster than that of the bare gold system. Furthermore,
after one cycle there is only a 10 % persistent decay in the intensity
of the PMMA system compared to its initial TH intensity.
The permanent decrease of the TH is caused by degradation of the gold rods.
Gold degrades as well at the used power, that is also shown for one cycle in
figure 2.10. However, the degradation is much slower with a five times longer
half-life time than the polymer. On first sight, one would expect the gold to de-
grade inside the polymer matrix as well. Therefore, the TH intensity should not
recover as strong as observed after replacing the PMMA. Consequently, the gold
cannot degrade as strongly in the PMMA matrix than without. Indeed subsequent
investigations found a strongly increased stability for gold inside a matrix. This
enhanced stability is further investigated in chapter 3.
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Figure 2.11.: (a) The decrease of the TH signal with the exposure time is traced.
(b) The increase in the FWHM of the linear resonance before expo-
sure and after a certain exposure time is depicted. The dashed line
indicates the mean value of the measured data and the highlighted
red area is the standard derivation. (c) As second linear property
the change in the peak position with the exposure time is shown.
The dashed line and highlighted red area are the mean value and
standard derivation, similar to the middle part.
From the above observation one can deduce, that a controlled photo degradation
is possible and a strong dependence of the total THG on the PMMA layer is
observed. However, until now it is not proven if the linear refractive index or the
nonlinear susceptibility is the source of this change.
To exclude changes in the linear properties, the linear transmission spectrum is
measured after several exposure times. This is depicted in figure 2.11. In the
upper panel the rapid decay of the TH intensity is shown. Many identical rod
arrays were exposed for various times. Before and after the exposure the linear
transmission spectrum is measured. The differences in the FWHM and the center
wavelength is extracted from the spectra and plotted over the exposure time.
To explain a reduced TH with linear properties either the FWHM has to increase
or the center wavelength has to shift out of the overlap with the center wavelength
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of the laser. For both measures no significant change beyond the measurement
uncertainty is visible. Based on this observation, the linear properties cannot
explain the change in the nonlinear signal, leaving only a modification of the non-
linear susceptibility as explanation for the reduced TH signal. Furthermore, the
unchanged linear transmission spectrum verifies that the near-field is unchanged
as well during the decay of the TH signal.
In accordance with the previous results this proves the origin of the decreased
TH intensity in a reduced nonlinear susceptibility. Accordingly, the nonlinear sus-
ceptibility of the polymer contributes significantly to the total THG of the hybrid
material. This finding clearly proves the possibility to increase the total THG of a
plasmonic system by a dielectric material with highly nonlinear susceptibility.
2.6. Dependence on the polymer
If it is possible to improve the nonlinear conversion efficiency of a plasmonic
system with a suitable cover layer, other cover materials with even higher non-
linear susceptibility are of high interest. Other materials are for example poly(3-
hexylthiophene-2,5-diyl) (P3HT), ladder-type conjugated poly(phenylene) (MeLP-
PP) and Poly-2,7-(9,9-di(2-ethylhexyl)) fluorene (PF2/6). Also guest host systems
like Disperse Red 1 in PMMA could be utilized for a hybrid material. All these ma-
terials were tested in the course of this thesis and showed major drawbacks. The
damage threshold is typically very low, often too low to achieve a reasonable TH
count. In addition, absorption features may lead to more complicated features in
the linear and nonlinear response, which substantially vary from sample to sam-
ple. Furthermore, the homogeneity of the polymer layer is a major challenge for
all polymers.
2.6.1. Homogeneity
A necessary precondition to create a suitable hybrid material is the homogeneity
of the polymer layer. If this cannot be accomplished, it would be necessary to
spatially map the linear and nonlinear polymer properties for each investigated
sample, which is not feasible. There are a lot of possible origins for an inhomo-
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Figure 2.12.: Measurement of the spatial variation of the generated TH for a thick
PF2/6 layer on Suprasil
geneous layer. All used polymers are spin-coated. The glass may have different
adhesion properties due to remaining contaminations. Additionally, the polymer
concentration inside the solvent may vary and also the spin-coating process may
lead to varying thicknesses. Especially for PF2/6 and DR1 in PMMA a inhomoge-
neous TH signal is observed. Figure 2.12 displays the case for PF2/6. The nonlin-
ear signal of a thick layer of PF2/6 is rather high, however not uniform across the
whole substrate and large variations at neighboring locations are observed. For
pure PMMA and P3HT extremely uniform films can be reproducibly realized.
2.6.2. Low damage threshold
For some polymers the damage threshold appears to be very low. Consequently,
the excitation power has to be extremely low. This decreases the generated TH
intensity tremendously, due to the P ∝ E3 relationship. The necessary integration
times rapidly grow. Moreover it is not obvious from the linear properties, when the
degradation sets in. Figure 2.13 shows a measurement series for four gold rods of
different lengths covered with PMMA, which displays the reduced TH generation
for excitation above the damage threshold.
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Figure 2.13.: (Left) Normalized linear and nonlinear spectra for four different rod
lengths. (Right) Continuous spectra obtained from integrating the
measurements for the individual wavelengths
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The plasmon resonance is nicely visible in the linear and nonlinear measurement
and also the shift to longer wavelengths for longer rods occurs. However, the TH
enhancement is one order of magnitude smaller than measured for excitations
below the damage threshold of PMMA depicted in figure 2.10. The measurement
was done in air with an average power of 10 mW, that is five times larger than
the damage threshold, which had been determined later. The decreased TH
enhancement directly implies a strong reduction of the generated TH from the
structure caused by the photo degradation of the PMMA.
2.6.3. Influence of polymer absorption
A non-transparent polymer can cause additional features, either in the linear or
nonlinear response. Both can cause additional features increasing complexity of
the analysis compared to a transparent material such as PMMA. One case is
shown for a 60 nm P3HT layer (figure 2.14).
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Figure 2.14.: (Upper) Linear transmittance spectra for gold rods of different length
covered with P3HT (Lower) The marks indicate the measured TH
enhancement spectra of the hybrid system (referenced to a pure
P3HT film on the substrate). The solid line represents lorentzian fits
to the measured data.
The plasmon resonance is nicely visible in the linear response. It should be
stressed, that due to the referencing to the substrate and P3HT film the broad
absorption features of the P3HT are most likely not visible in the transmittance
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spectra. Additionally, P3HT exhibits resonances in the UV range that may co-
incide with the TH range and increase the nonlinear conversion efficiency. The
plasmon resonance is located at longer wavelengths due to the high refractive
index of P3HT n(800nm)=1.93 [52], which was not taken into account during the
fabrication of the nanostructures. The nonlinear response of the structure does
not follow the linear behavior and exhibits a very sharp peak at 280 nm. The exact
reason for this behavior is unclear, however it strongly varies from nominally iden-
tical P3HT samples. Already the optical properties in the visible vary, indicated
by different colors of the P3HT film.
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48 3. Stability of Gold Nanoantennas
3.1. Thermal stability of gold
This chapter is based on the already published work:
• Gelon Albrecht, Harald Giessen, Stefan Kaiser, and Mario Hentschel. Re-
fractory plasmonics without refractory materials. Nano Letters, 17(10):6402–
6408, 2017. DOI: 10.1021/acs.nanolett.7b03303
Plasmonic materials can be used for many different applications. The optical
properties of plasmons can be tuned very easily. This enables a variety of appli-
cations. For example plasmonic nanoparticles can be fabricated to absorb exactly
at a defined wavelength. This can be used for example to treat cancer [53]. It is
possible to deposit this gold nanostructures selectively in tumor cells.
Gold 1063°C
Nickel 1455°C
Yttrium 1520°C
Copper 1083°C
Palladium 1552°C
Titanium 1667°C
Platinum 1769°C
Rhodium 1966°C
ITO 1900°C
Ruthenium 2250°C
Niobium 2467°C
TiN 2946°C
ZrN 2952°C
Rhenium 3180°C
Tungsten 3400°C
Molybdenum 2615°C
Figure 3.1.: Plasmonic materials with melting points higher than the gold melting
point. Data for TiN from [54], ZrN from [55], all other materials from
[56].
3.1. Thermal stability of gold 49
When the tumorous and healthy cells are exposed to laser radiation resonant to
the nanostructure, the nanostructures will heat significantly and the surrounding
tumor tissue will be destroyed, whereas the healthy tissue stays undamaged.
However, this sophisticated cancer treatment relies on a stable absorption of light
by the nanostructure. Its optical properties have to withstand harsh environmental
influences and for that particular usage in living organism it has to be nontoxic.
The low chemical reactiveness in combination with superior optical properties in
the visible and infrared wavelength range makes gold the most commonly used
plasmonic materials. In its optical properties, it is only outperformed by silver,
which is not inert and tends to quickly chemically degrade in ambient atmosphere
[57, 58, 59]. Yet gold has a major drawback, its thermal stability. Gold parti-
cles in an aqueous solution start to deform at temperatures as low as 100 ◦C
[60, 61, 62, 63] to minimize their surface energy [64]. In a matter of hours ini-
tially rod shaped structures deform to round particles. The same effect can be
observed for particles exposed to intense laser light, which leads also to a strong
heating of the gold nanostructures [65, 66, 67]. For extremely strong excitation
energies in the order of mJ/cm2, the particles attached to a substrate get ripped
from the surface [68]. A change in the geometry of the particles is directly linked
to a change of the plasmonic properties. For most applications a stable optical
response is required. Therefore, gold is not suitable for high temperature and
intense illumination applications. Since this drawback arises due to the poor ther-
mal properties it is worth studying materials with higher melting points indicating
higher durability against thermal exposure.
For gold the melting point is 1063 ◦C [56]. Especially so called refractory ma-
terials exhibiting a melting point above 2000 ◦C, are promising candidates. In
figure 3.1 are several plasmonically active materials [69, 70, 71, 72, 73] listed
that exhibit a melting point higher than the one of gold. However, not all of these
materials exhibit plasmonic properties at the same wavelength regime. For the
near infrared wavelength regime oxide materials such as indium-tin-oxide (ITO)
were demonstrated [74, 75]. For the infrared regime nanostructured tungsten
and molybdenum can be used and withstand temperatures at least up to 900 ◦C
in vacuum [73, 76]. For the visible regime especially the transition metal nitrides
such as titanium nitride (TiN) and zirconium nitride have been studied in great
detail [77, 75, 49, 78, 61, 79, 80, 81, 82, 83, 84]. Nanostructures made from re-
fractory materials posses excellent thermal properties. Yet, they are not the first
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choice for plasmonic applications, since their optical properties are inferior to the
commonly used metals such as gold or silver.
In figure 3.2 the optical permittivity of several common metals and refractory ma-
terials are depicted. A good plasmonic material has a low imaginary part of the
permittivity giving low losses. A large negative real part expresses a large amount
of free carriers. Gold, silver, and copper behave basically like ideal Drude metals
and exhibit low losses. For gold the fit of the Drude formula 3.1 is displayed with
the parameters given in reference [25] .
Re(ε) = ε∞ − λ
2
λ2p
(3.1)
As an example of a poor metal palladium is shown. It is apparent from the dis-
played data that TiN as well as ZrN have larger losses than the good metals.
Their real part is significantly larger as well. ITO has the lowest losses, however,
has nearly negligible free carriers.
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Figure 3.2.: The real and imaginary part of the optical permittivity are depicted
for the good conductors gold, silver, and copper (dark blue, [85]), a
poorer conductor palladium (light blue, [86]) and refractory materials
TiN, ZrN (red, [75]), and ITO (green, [75]).
Another drawback of refractory materials is the chemical reactivity. All demon-
strated plasmonic refractory materials are prone to chemical degradation, espe-
cially oxidization, and consequently the loss of their plasmonic properties. As an
example TiN has a melting point of 2946 ◦C, however it was demonstrated that
even in an argon flushed environment TiN nanostructures oxidize completely at
an temperature of 800 ◦C within less than 40 min [78, 87]. To resolve this issue,
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they have to be kept either under vacuum conditions[79] or have to be encapsu-
lated [88, 73]. However, it was demonstrated for TiN and tungsten that they still
deteriorate even with a protection layer [78, 73].
For applications in an harsh environment one would desire nanostructures com-
bining the dimensional stability of refractory materials and the chemical stabil-
ity and excellent optical properties of gold. Therefore, in the following chapter
alumina-covered gold rods will be demonstrated that withstand in air tempera-
tures of 900 ◦C.
3.2. Material system
To realize a system with high dimensional and chemical stability we used gold as
plasmonically active material, that is not prone to oxidization and exhibits good op-
tical properties. Furthermore, the fabrication of gold nanostructures is easy com-
pared to materials such as TiN or tungsten. To prevent the deformation caused by
heat, we applied the concept of a protection layer. The protection layer is not used
to insulate the structure from the atmosphere, but to form a surrounding matrix
enhancing the dimensional stability. This concept was already reported in litera-
ture for various applications and has been used for several years [89, 90, 91, 92].
For us this idea was brought forward by our investigations regarding the organic-
plasmonic hybrid material presented in chapter 2. Already a fragile PMMA matrix
can prevent the reshaping of gold nanoparticles [1]. Two materials are tested as
protection layer, Al2O3 (alumina) and a spin-on dielectric IC1-200. The two sys-
tems offer different advantages. IC1-200 can easily be applied by spin-coating
and is therefore a cheap and simple cover. Thin and pore-free layers of alumina
can be realized with atomic layer deposition (ALD). Pore-free layers as thin as
4 nm are possible. Furthermore, alumina has a high melting point of 2072 ◦C
[93]. It is chemically and mechanically very stable. As substrate Suprasil glass is
used that has a softening point of 1600 ◦C and is UV transparent. An overview of
the investigated structures is shown in figure 3.3. The introduced pictographs are
also used in the further graphs to indicate the respective material system.
The structures investigated in this chapter are square arrays of rod shaped gold
nanostructures. Single particle measurements are presented in the last section.
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 Cr   2nm
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high temperature
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Figure 3.3.: Geometrical parameters used for the rod nanostructures and the ap-
plied covers. In the bottom, visualization of degradation sources,
which we applied to determine the damage threshold of our struc-
tures. The alumina-coated gold structures withstand heating up to
900 ◦C in ambient atmosphere, where bare gold rods or TiN rods
are already destroyed. Furthermore, the alumina-covered gold rods
show a stable optical third harmonic generation at 10 GW/cm2 laser
intensity, where bare gold rods already show strong degradation of
the third harmonic signal.
All nanostructures are fabricated with electron beam lithography as described
in figure 1.3. The width is chosen to be 60 nm for all rods. The length is var-
ied to obtain structures with different plasmon resonances. The height is 2 nm
chromium as adhesion layer and 40 nm gold on top (see figure 3.3). The period-
icity is 500 nm in both directions and the total area of one array is 80µm x 80µm.
The IC1-200 coating is deposited by spin-coating (4000 rpm for 40 s) and after-
wards annealed at 200 ◦C for 1 min. Finally, the film thickness was determined to
be 150 nm for all of these samples by a stylus profiler. For the atomic layer depo-
sition of Al2O3 (Savannah 100, Cambridge NanoTech) trimethylaluminium (TMA)
and water are used as precursor gases. The sample is heated to 250 ◦C during
the process, resulting in a growth rate around 0.1 nm per cycle.
3.3. Degradation at 800 ◦C
To have a comparison to start from, the proposed structures are compared to
TiN, which was closely investigated. At 800 ◦C TiN quickly oxidizes even in an
argon flushed environment. Also a thick alumina protection layer cannot prohibit
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Figure 3.4.: Left: Time dependent change of the optical spectra for gold rods with
different cover layers (from top: bare, 4 nm alumina, 40 nm alumina,
150 nm IC1-200), heated at 800 ◦C. Right: SEM images before and
after heating; the scale bar is always 200 nm.
oxidation [78]. The different material systems are exposed to 800 ◦C in ambient
atmosphere in a furnace. After 1, 4, and 8 hours the samples are taken out of
the furnace and their transmittance spectra are measured. The resulting spectra
are shown in figure 3.4. The measurement is performed for rod lengths from
140 nm to 320 nm. At first, only rods resonant at 1000 nm are compared. The
rod length is therefore different for different material systems, due to the different
effective refractive indices in the proximity of the plasmonic structure. The results
for different rod lengths are discussed in section 3.6.
The transmission spectra are displayed on the left side of figure 3.4. On the
right side are SEM images before heat exposure and after 8 hours at 800 ◦C
depicted. SEM micrographs with a wider angle of view are shown in figure 3.5.
A clear shift of the plasmon resonance to shorter wavelengths accompanied by a
broadening of the resonance and decrease of resonance amplitude is visible. All
these features can be attributed to structural changes of the gold rods. The initial
rod like structures have deformed to a disc shape and therefore shrunk along the
optical excited axis. This decrease in the length causes the shift of the plasmon
resonance wavelength. After fabrication the structures are homogeneous in their
physical dimensions. The melting process leads to an inhomogeneity in the size
distribution that leads to a broadening of the resonance and a reduction of the
modulation depth.
54 3. Stability of Gold Nanoantennas
In comparison, all coated structures have maintained their physical shape. Fur-
thermore, only small shifts in the center wavelength are visible. For the thin
alumina-coated sample, a small blue shift and reduction of the FWHM appears.
The thick alumina-coated sample exhibits a red shift. Also the individual measure-
ments are not distinguishable, indicating a thermodynamically stable state for the
sample. Both changes may be due to deformation or a change in the effective
refractive index of the surrounding. Finally, the IC1-200 shows a red shift like the
thin alumina-coated sample. In contrast to the alumina sample, there is no stable
state visible. Between two subsequent measurements there are always small but
detectable changes.
before heat treatment after 8h at 800°C
uncovered
500nm
150nm 
IC1-200
40nm
Al O
2 3
4nm
Al O
2 3
Figure 3.5.: SEM images of the differently covered samples after 8 h at 800 ◦C
To investigate the influence of the substrate, the Suprasil substrate is replaced
by a sapphire substrate. Sapphire and alumina have the same chemical com-
position, however, vary in their crystallinity. The crystalline material is called
sapphire. The ALD process creates polycrystalline Al2O3 that is called alumina.
The transmittance measurements of the two different substrates with an alumina
cover are depicted in figure 3.6. The sapphire/alumina material systems have
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increased the temperature stability so does the Suprasil/alumina system. How-
ever, there is no improvement compared to the Suprasil substrate visible. On the
contrary, the modulation depth for the same resonance wavelength is decreased.
This is due to the increased refractive index of alumina compared to Suprasil
(nSuprasil(1000 nm) = 1.45; nsapphire(1000 nm) = 1.75). The increased refractive in-
dex shifts a plasmon resonance to longer wavelengths. To compensate for this
shift, the structures have to be smaller, resulting in a reduced gold volume and
therefore decreased dipole strength and modulation depth.
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Figure 3.6.: Plasmon resonance for a sample with sapphire substrate after heat-
ing to 800 ◦C
So far it was shown that the structures heated to 800 ◦C acquire a stable state.
No further change is seen in the transmittance spectra after an initial change.
Whether this is a thermodynamically more stable state can be tested by heating
this structures again to lower temperatures. If no change appears, the struc-
tures can be considered as stable up to 800 ◦C. To determine if the structures
are stable, the samples are subsequently exposed to lower temperatures after
the preheating to 800 ◦C. The samples are exposed for 1 h to 700 ◦C, 600 ◦C, and
finally 500 ◦C. The heating cycle is shown in figure 3.7 as well as the measured
transmittance after each temperature step. Basically no changes are visible for
any of the different structures. Especially the thick alumina covered sample is ex-
tremely stable with no change visible at all. This confirms the assumption that at
one temperature the gold rods deform to a thermally stable shape and are not fur-
ther affected. Based on this observation, it seems feasible to realize a thermally
stable plasmonic material in air up to 800 ◦C.
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Figure 3.7.: (a) Temperature dependent change of the transmittance spectra for
gold rods with different cover layers. (b) Heating cycle and measure-
ment times.
3.4. Temperature cycle up to 1100 ◦C
To obtain more insight to the temperature dependent changes a full temperature
cycle from room temperature to temperatures above the melting point of gold at
1063 ◦C is performed. After each temperature step the sample is cooled to room
temperature and a transmittance spectrum is recorded. For temperatures up to
500 ◦C a hot plate is used and the temperature is increased in 50 ◦C steps and
kept at this temperature for 30 min. For temperatures from 400 ◦C to 1100 ◦C a
furnace is used. The temperature is increased in 100 ◦C steps and the sample
kept at each step for 60 min. The overlapping temperature range is used to ensure
that the temperature at the nanostructures was the same for the case of the hot
plate and the furnace. The transmittance spectra after the heating in the two
devices are in excellent agreement and only one of the spectra are displayed.
In figure 3.8 (a) transmittance spectra for the different temperatures are depicted.
To obtain an easier measure for comparing the systems the FWHM and center
wavelength is extracted from the spectra and shown in 3.8 (b). The center wave-
length corresponds to the wavelength of minimal transmittance.
For the bare gold system a uniform blue shift of the center wavelength is ob-
served up to 500 ◦C. Furthermore, the resonance modulation depth is continu-
ously increased and the FWHM is decreased. For temperatures above 500 ◦C
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Figure 3.8.: (a) Spectra for gold rods with different covers and without cover layer.
The rods are subsequently heated at each indicated temperature for
30 min at 100 ◦C up to 500 ◦C on a hotplate and 60 min for the tem-
peratures 600 ◦C up to 1100 ◦C in a furnace. (b) Extracted center
wavelength and FWHM of the transmission spectra.
the blue shift rapidly increases and the resonance modulation decreases and the
FWHM increases. Finally, at 1000 ◦C the resonance vanishes completely, indicat-
ing a destruction of the structures. Based on this observations, the gold structure
is steadily deforming for all temperature and strongly deforms for temperatures
above 500 ◦C.
Also the covered samples show initially a decrease in the FWHM and modulation
depth of the resonance. However, this trend is extended to temperatures up to
700 ◦C for the IC1-200 covered samples and 900 ◦C for the alumina-covered sam-
ples. The center wavelength for the covered samples basically maintains it posi-
tion up to 700 ◦C. The IC1-200 exhibits a change for temperatures around 350 ◦C.
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This is probably due to a hard bake of the spin-on material. The hard bake tem-
perature for the material is 400 ◦C, however, only 200 ◦C were used that is enough
for our usual use-case of multilayer lithography. For temperatures above 700 ◦C
the IC1-200 sample exhibits a strong blue shift of the resonance.
The thin alumina-coated sample exhibits a small shift between 700 ◦C and 800 ◦C,
maintains the center wavelength afterwards till 900 ◦C and finally the resonance
vanishes for 1100 ◦C.
For the thick alumina-coated sample the center wavelength shows a slight red
shift up to 700 ◦C and afterwards steadily shifts to shorter wavelengths. The res-
onance does not vanish even at 1100 ◦C, what is also observed for the IC1-200
sample.
A thermal damage threshold is ambiguous based on the optical measurement.
The easiest measure would be the center wavelength, which is directly related to
the length of the resonantly excited rod [94, 6]. Nevertheless, in figure 3.8 it is
shown that despite a change in the center wavelength the shape of the structure
remained nearly the same. Also the FWHM is not an ideal measure. For a single
rod it would resemble the lifetime of the plasmon. The investigated structures are
arrays of around 25000 individual rods. Therefore, the FWHM reflects averaging
effects as well.
All four systems show a uniform decline of the FWHM in the beginning, which
may be due to a sintering process. Sintering of metals can lead to a reduced
resistance and a reduction of grain boundaries [95, 92], which may result in a re-
duced FWHM. Beyond a certain temperature an increase in the FWHM is visible.
This is most likely due to an increased length distribution of the rods, caused by
the individual deformation processes.
For the bare gold and the IC1-200-coated sample the shift in center wavelength
and the increase of the FWHM occur simultaneously, for the bare gold rods at
500 ◦C and the IC1-200-coated rods at 700 ◦C. However, the alumina-coated sam-
ples show a decreasing or constant FWHM up to 900 ◦C and 1000 ◦C, while their
center wavelength has already shifted significantly. The shift may also be partly
due to a change of the effective refractive index of the environment. This would
imply that the cover layer changed, since changes in the bulk substrate are more
unlikely. In combination with the long term measurements at 800 ◦C the alumina-
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coated structures are stable after a short annealing time. Therefore, we estimate
the damage threshold to be in the range from 800 ◦C to 1000 ◦C for these struc-
tures.
There are some distinct differences visible between the previous measurement at
constant temperature of 800 ◦C (see figure 3.7) and the measurement at 800 ◦C
of this temperature series. The bare gold system and the thin alumina system
look comparable. However, the thick alumina as well as the IC1-200 sample ex-
hibit stronger degradation in the temperature series than in the measurement at
constant temperature. This may be caused by the different thermal expansion
properties of the different materials, which can lead to damages in the protec-
tive layer in every heating and cooling cycle. Furthermore, despite the similar
fabrication conditions, the thermal stability will strongly depend on the interface
properties between the coating, the gold structures, and the substrate. The ad-
hesion of spin-coated dielectrics to sample surfaces is known to critically depend
on the exact surface conditions. Similarly, the formation of molecular layers dur-
ing the ALD process is strongly dependent on the surface chemistry. While we
keep these properties as similar as possible by applying the plasma cleaning
treatment, small differences are expected to already significantly influence the
"sealing quality" of the over-coated and overgrown layers.
The coatings can stabilize the gold structures up to a temperature of at least
700 ◦C. This finding is supported by a report on carbon-coated gold nano rods,
where structural deformations are visualized by transmission electron microgra-
phy starting at around 700 ◦C [89]. The very similar temperature range for very
different coatings suggest an effect independent of the coating material. For tem-
peratures higher than 700 ◦C, degradation apparently starts to set in even for the
covered structures. The alumina coating prohibits a strong deformation up to
around 900 ◦C and the two thick coatings allow for the observation of a plasmon
resonance up to a temperature of 1100 ◦C, which is above the melting point of
bulk gold at 1063 ◦C.
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3.5. Above the gold melting point
After the complete temperature cycle of the previous section up to 1100 ◦C the
samples are imaged with SEM. The micrographs are depicted in figure 3.9. The
upper four micrographs show a top-down view of the different samples. The bare
gold and the thin alumina-coated samples show a complete destruction of the
rods. Only strongly deformed structures can be observed that most likely are
parts of the chromium adhesion layer. This finding is in accordance with the
vanishing of the plasmon resonance in the transmittance spectrum.
a
500nm
b
Figure 3.9.: (a) SEM top down view after samples were heated up to 1100 ◦C. (b)
Cross-sectional SEM side view; the cross-section has been milled by
focused ion beam; the scale bar is always 500 nm. The voids are
visible as black features below the gold dots.
The two thicker cover layers exhibit a remaining plasmon resonance even after
the complete temperature cycle (figure 3.8). However, the resonance is extremely
broad and quite far blue shifted. Thus, based on the optical measurements it is
expected that the gold structures have shrunk and their size distribution is quite
inhomogeneous. For both samples further SEM images are displayed in figure
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3.10 as well as in figure 3.9. The rods can be clearly observed in the top-down
SEM image and have changed their shape as expected. To obtain a side view
of the structure, focused ion beam (FIB) milling (Raith, ionLINE Plus) is applied.
The cover layer, as well as parts of the structures, have been milled off in order
to allow access to the side facet of the buried structures. Afterwards, the sam-
ple is investigated by SEM. The alumina cover layer appears to be intact after
the heating process. However, the particles seem to have deformed to spherical
particles. The different heights of the particles at the facet indicate a movement
of the gold particles. However, the influence of the ion beam milling on the facet
is unclear. Furthermore, it is ambiguous to determine the interface between the
substrate and the cover layer based on the contrast of the SEM images. Compa-
rable observations can be made for the IC1-200.
150nm IC1-200
after 1100°C
40nm Al O
2 3
after 1100°C
Figure 3.10.: SEM images after samples were heated up to 1100 ◦C; the scale
bar is always 500 nm
62 3. Stability of Gold Nanoantennas
3.6. Influence of the rod size on the thermal stability
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Figure 3.11.: Change of the center wavelength and FWHM of the transmittance
spectra of rods width different length. The different columns corre-
spond to different material systems, as indicated by the pictographs.
The structures are exposed to 800 ◦C over a time of 480 min (a) and
increasing temperatures (b). The samples in (b) are kept at the indi-
cated temperature for 30 min at temperatures from 100 ◦C to 500 ◦C
and 60 min at higher temperatures.
To clarify the influence of the nanostructure size on the thermal stability the mea-
surements performed at constant temperature (section 3.3) and with a temper-
ature cycle (section 3.4) are done with rods of varying length. The fabricated
rods have lengths from 140 nm to 320 nm in 20 nm steps. Only three of the sizes
are displayed, because there is negligible difference. All sizes are shown in the
appendix.
3.7. Effects of the adhesion layer 63
The extracted center wavelength and FWHM are shown in figure 3.11 for the
measurement at a temperature of 800 ◦C and the temperature cycle form 20 ◦C to
1100 ◦C. The evolution of the different sizes is rather similar for all four structures.
The change is clearly linked to the aspect ratio length to width of the rods. The
more elongated the structure is, the stronger is the change of the spectrum. This
is rather obvious, because the difference from a rod to a circle is stronger with
increasing aspect ratio. However, the temperature of the damage threshold is not
changing for the investigated rod sizes.
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Figure 3.12.: Change of the center wavelength and FWHM of the transmittance
spectra for rods of different length with a chromium wetting layer and
without. [3]
An important aspect of the dimensional stability is the adhesion of a structure to
the substrate. Adhesion layers are certain intermediate layers that are used to
improve or enable the mechanical connection of a materials to its substrates. A
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second effect of such intermediate layers can improve the growth of the next layer.
These layers are typically called wetting layers. An example for an adhesion layer
are chromium or titanium for gold on a glass substrate.
In all experiments presented above chromium adhesion layers are used. To in-
vestigate the influence of the chromium adhesion layer, structures with and with-
out a chromium adhesion layer are fabricate [3]. The structures are heated on
a hotplate. After 30 min the transmittance spectra is measured in an FTIR spec-
trometer. This procedure is subsequently repeated at increasing temperatures up
to 500 ◦C. The center wavelength and the FWHM is extracted from the spectrum
and depicted in figure 3.12. The sample with chromium exhibits a continuous de-
crease of the center wavelength and the FWHM. In contrast, the adhesion layer
free sample exhibits a far stronger decay of the center wavelength and especially
from 200 ◦C to 400 ◦C a very strong decrease of the center wavelength and also a
strong change in the FWHM. Furthermore, for the longer rods even a broadening
of the FWHM is observed indicating an inhomogeneous change of the rod length
distribution. The comparison clearly proofs the improved dimensional stability of
the system with adhesion layer.
3.8. Increased illumination stability
Intense laser radiation at high repetition rates result in thermal heating of gold
nanostructures and therefore leads to deformation. With the increased damage
threshold of the covered gold antennas, also the damage threshold towards laser
exposure should be increased.
Spectrometer
Sample
Fibre Broadened
Yb:KGW laser
44MHz, 180mW, 16fs KG Filter
Figure 3.13.: Experimental setup for the third harmonic spectroscopy.
To test this assumption a 44 MHz oscillator with an maximum intensity of 10.3 GW/cm2
is used. This is at least one order of magnitude higher intensity than normally
used for spectroscopy [47]. To measure the stability the time evolution of the
THG is observed. THG is used by many nonlinear spectroscopy applications and
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what is more crucially depends on the resonance shape [96]. The measurement
is performed with an inhouse build laser source [97, 49]. A sketch is shown in fig-
ure 3.13. A Yb:KGW solid state laser with average power of 1.6 W and 44 MHz is
spectrally broadened generating a spectrum from 900 nm to 1150 nm that is sub-
sequently temporally recompressed to a pulse duration of 16 fs. For the temporal
compression a prism sequence and a Fourier pulse shaper are used. The max-
imum average power of the recompressed pulse is 180 mW that is focused to a
beam FWHM of 32µm. To remove all spectral components below 700 nm, a 3 mm
thick Schott RG715 filter is placed before the sample. The TH is detected with a
Peltier-cooled charge-coupled detector (Pixis, Roper Scientific), after the funda-
mental beam is strongly attenuated with Schott glass filters (6 mm KG5 and 3 mm
KG4 ). In figure 3.14 the measuring scheme of the nonlinear spectroscopy is
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Figure 3.14.: Explanation of the TH measurements Left: The linear spectrum is
measured before (black) and after (magenta) the laser exposure.
The laser spectrum is shown in gray. Middle: The initial TH spec-
trum (black) and the final TH spectrum (magenta) are dispayed.
Right: The time evolution of the integrated TH is shown. The point
at t=0 min belongs to the black TH spectrum and at t=30 min to the
magenta TH spectrum.
displayed. Before (black) and after (magenta) the measurement the fundamental
plasmon resonance is measured. During the laser exposure the THG is continu-
ously measured. The TH spectra at the exposure time t=0 min and t=30 min are
shown. Integrating these spectra give the total THG at the respective time that is
displayed with additional measurement points.
The measured TH intensity is displayed in figure 3.15 (b). The TH response is
normalized for all structures to the TH of the respective structure at time zero.
The bare gold rods exhibits a continuous decrease of the TH over time. The
reason is the change of the linear spectra, that changes the overlap with the
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Figure 3.15.: (a) TH intensity of covered and bare gold rods exposed to
10 GW/cm2 laser radiation (180 mW, beam FWHM 32µm). (b)
Transmittance spectra of the nanostructure types before (solid line)
and after 30 min laser exposure (dashed line); the laser spectrum is
displayed in gray.
exciting laser spectrum. The change is rather small, however the TH is known to
be extremely sensitive to changes in the spectral overlap and similar results have
been reported recently [49, 98]. The decay of the TH is reduced for the IC1-200
covered samples, yet clearly observable.
For both alumina-coated rods a substantial increase of the TH in the first time
step is visible. Afterwards the TH intensity remains constant for the rest of the
measurement. Also here the linear spectrum explains this change. The FWHM
of the resonance after exposure is decreased. In the non-harmonic oscillator
model for nonlinear plasmonic processes the FWHM enters at the sixth power
[98], explaining why the small change causes a strong effect.
These results are in excellent agreement with the previous thermal experiments.
Heating of the alumina-coated samples leads to a decrease of the FWHM and
therefore increases the THG. The bare gold and IC1-200 samples are less di-
mensionally stable and also their center wavelength shift, resulting in a reduced
overlap with the laser spectrum and reduced THG.
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3.9. Single gold particle
All previous measurements are performed on arrays of gold nanostructures. There-
fore, all measurements are averages over many thousands of individual nanos-
tructures. Since the deformation process does not occur uniformly for all nanos-
tructures, deeper insight could be gained by single particle measurements. The
optical properties of single gold nanostructures are accessible by a dark field mi-
croscope. In this measurement scheme not the transmittance is measured but
the scattering of the particles. Therefore, the diffraction does not hinder the in-
vestigation of the optical response. However, a major challenge of this method
is the correct referencing. A uniform scatterer is needed under the same illumi-
nation conditions than the sample. The best available scatterers for referencing
are polystyrene spheres. These are drop-coated on the substrate next to the gold
rods. Even in close proximity the illumination is not identical between reference
and sample. Therefore, the measured spectrum exhibits large error margins.
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Figure 3.16.: (a) Dark field scattering measurements of single gold rods (length
240 nm to 390 nm). The illuminated light is polarized along the long
axis of the rods. SEM micrographs of the respective rods are dis-
played in the inset. The scale bar is 100 nm. (b) Dark field scattering
measurements of the single gold rods shown in a after 1 h heating at
800 ◦C. The scale bar of the SEM micrographs in the inset is 100 nm.
An additional issue is the correct focus of the microscope system. The used sys-
tem is a refractive system, which lenses are achromatic for the visible wavelength
range (dry dark field condensor NA 0.95-0.80, collector 60x plan fluor objective
NA 0.70). Therefore, measurements in the near-infrared are disturbed by chro-
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matic aberrations. Furthermore, the detected signals are rather weak, which limits
a good determination of the focus position. All effects lead to a large error margin
between subsequent measurements.
Three subsequent measurement at the same particles with the same polystyrene
reference particles are shown in figure 3.16 (a). The samples are illuminated
with light polarized parallel to the long axis of the rod. The main features are
reproduced throughout all measurements, but the exact center wavelength and
resonance depth has rather large discrepancies for subsequent measurements.
The sample is afterwards heated for 1 h at 800 ◦C. After the heat treatment the
particles are deformed and their shape changed from a rod to a disc. The op-
tical response is shifted from the near-infrared wavelength regime to the visible
wavelength regime (figure 3.16 (b)). Here the microscope and the detector are far
less affected by chromatic aberrations and the signal to noise ratio is significantly
better. The center wavelength after the heating is rather similar for all structures,
despite the initially very different rod lengths. A more pronounced difference is
visible in the resonance modulation depth, that is due to the different initial rod
volumes. The initially shortest rod exhibits after heating the smallest modulation
depth and longer ones show increasingly larger modulation depth.
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Figure 3.17.: Average dark current per Pixel for the cooled detectors for the
visible (Pixis, Roper Scientific) and near-infrared (Nirvana, Roper
Scientific).
A significant challenge for measurements in the near-infrared is the high dark cur-
rent of the used detector (Nirvana, Roper Scientific) compared to the detector for
the visible wavelength range (Pixis, Roper Scientific). The dark current saturates
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the detector basically after 20 s as displayed in figure 3.17. This prevents any
long time exposures, which could improve the signal.
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4.1. Comparing plasmonic materials
This chapter is based on the already published work:
• Gelon Albrecht, Monika Ubl, Stefan Kaiser, Harald Giessen, and Mario Hen-
tschel. Comprehensive study of plasmonic materials in the visible and near-
infrared: Linear, refractory, and nonlinear optical properties. ACS Photonics,
2018. DOI: 10.1021/acsphotonics.7b01346
In the previous chapter the beneficial influence of an alumina protection layer on
gold nanostructures is demonstrated. As already mentioned above, gold is only
one out of many materials exhibiting plasmonic properties. An overview of the
most common plasmonic materials is shown in figure 4.1.
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Figure 4.1.: Overview of plasmonic materials [70]
Major material properties for good plasmonic resonances are the carrier concen-
tration and the carrier mobility [70]. Therefore, metals and (doped) semiconduc-
tors exhibit the best plasmonic properties. More exotic materials are Dirac sys-
tems like graphene and topological insulators that support edge state plasmons
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[99, 100]. However, besides the plasmon response of a material other properties
are of major importance to use these materials for applications.
Firstly, the chemical stability is of substantial concern. Basically all materials
except gold and platinum are prone to chemical reactions with air component.
Accordingly, it is crucial to know the limitation of the materials.
Secondly, the thermal stability may be of concern. For applications involving
strong illumination such as nonlinear spectroscopy or photovoltaics the nanos-
tructures can locally heated. Gold, for example, is known to already deform at
temperatures as low as 100 ◦C [60] and has a very low thermal stability. Further-
more, elevated temperatures lead to an increased chemical reaction speed.
Thirdly, for nonlinear optical applications the nonlinear susceptibility of the mate-
rial should be high. However, the linear response is crucial as well due to the
local field enhancement. Finally, realizing nanostructures from different materials
differs strongly in complexity due to fabrication constraints.
The linear optical response is considered good, if the resonance in the measured
transmittance spectrum has a narrow FWHM and a high modulation depth. The
high modulation depth indicates a strong interaction with the light and the narrow
FWHM gives rise to a high quality factor of the resonance that governs the near-
field enhancement.
To improve the thermal and chemical stability protection layers are widely used.
In the previous chapter an alumina protection layer was used to stabilize gold
nanoparticles. Already films as thin as 4 nm are able to improve the thermal dam-
age threshold from 500 ◦C to 900 ◦C for gold. Potentially, materials like platinum
with a melting point of 1769 ◦C exhibit a far higher thermal damage threshold.
However, no comprehensive study of the most common used metals for plas-
monic nanostructures regarding their thermal and chemical stability exist. Also no
comprehensive study for the nonlinear properties exist, only for selected materials
comprehensive studies for the linear plasmon resonance exist [71, 101, 69].
This chapter is dedicated to give an overview of the thermal and chemical stability
as well as the linear and nonlinear properties of commonly used plasmonic mate-
rials, namely magnesium, aluminum, silver , gold, copper, nickel , palladium, and
platinum. Furthermore, selected data for the more exotic materials germanium
[102] and yttriumdihydride [103] are presented. Additionally, the protective alu-
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mina layer introduced in the previous chapter is applied to all of these materials.
4.2. Fabrication
All investigated materials are commonly used in plasmonics. Many applications
for gold are presented in the previous chapters. Silver is supposed to have the
best plasmonic properties in terms of near-field enhancement [104, 105], how-
ever tends to chemically deteriorate. Aluminum was lately introduced as low-cost
material with comparable plasmonic properties to the noble metals [106, 107,
101, 108]. Copper has comparable optical properties to gold and is catalytically
active [109]. Magnesium was introduced to be used for optical hydrogen sensing
[110, 111, 69]. Nickel is especially used in applications reaching for cheap pro-
duction cost [112]. Finally, palladium [113] and platinum [101] are both excellent
catalysts exhibiting high melting points.
The fabrication of the nanostructures was performed according to the work flow
reported in section 1.3. To achieve the best plasmon resonances on a Suprasil
substrate, different wetting and adhesion layers as well as different evaporation
methods are used. All materials can in principle be evaporated via electron beam
evaporation. However, gold and magnesium are evaporated via thermal evapo-
ration. For both materials the choice is based on the availability of the different
devices. To compare both methods samples were fabricated with both methods.
For gold no difference between thermal and electron beam evaporation could be
found. Magnesium appears in SEM images to form more crystalline structures
for thermal evaporation, however no effects could be seen in the linear and non-
linear optical response. The thickness of the plasmonic material is 50 nm for all
materials except gold with a thickness of 40 nm.
Not all materials have beneficial adhesion and growth properties on Suprasil glass
that is used for all samples. Therefore, wetting and adhesion layers are used to
improve these properties. A chromium adhesion layer is used for gold owing
to the poor mechanical adhesion to glass investigated in section 3.7. Except
some selected materials described below, all materials are fabricated with a 2 nm
chromium adhesion layer. The first exception is silver. The growth of silver on
chromium or glass is very inhomogeneous. Therefore, a 1 nm germanium wetting
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layer is used to improve the growth. Magnesium is a very reactive material and
tends to alloy with most metals. To avoid this issue a 5 nm titanium adhesion layer
is used. The most sophisticated system fabricated is yttriumdihydride. Yttrium
can be evaporated, however has to be hydrogenated. To achieve this, a hydrogen
splitting catalyst has to be attached to the yttrium layer. Therefore, a palladium
layer is evaporated on top of the yttrium. The final material system consist of a
Suprasil substrate, a 50 nm yttrium layer a 5 nm titanium buffer layer and a 10 nm
palladium layer.
All materials are fabricated in pairs. One of each pairs is covered with a 4 nm thick
alumina protection layer via ALD. The fabrication parameters for the ALD process
can be found in section 3.2.
4.3. Linear properties in the visible and infrared
First of all, the linear optical properties are investigated, to judge the plasmon
resonance. Transmittance spectra for a 260 nm long and 60 nm wide rods made
from the different material are depicted in figure 4.2 alongside the melting point.
Based on the melting point scale the materials can be categorized in three groups.
The first group comprises magnesium and aluminum with rather low melting
points of 649 ◦C and 660 ◦C. As a second group silver, gold and copper are ap-
pearing with a melting point around 1000 ◦C. Also germanium belongs to this
group with a melting point of 937 ◦C [56]. The last group consists of materials
with a melting point way beyond 1100 ◦C that we can reach in the used furnaces.
Nickel, Palladium and Platinum belong to this group. The melting point of Yttrium
is 1526 ◦C. No studies could be found on the melting or dissociation temperature
for yttriumdihydride. Based on the available studies yttriumdihydride is stable at
least up to 500 ◦C [114].
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Figure 4.2.: Overview of the investigated materials. Top: Materials ordered ac-
cording to their melting points[56]. Bottom: Transmittance spectra
of the different materials for the same physical dimensions of the rod
structures (260 nm length, 60 nm width, 50 nm height, for gold 40 nm
height) with and without a 4 nm alumina cover and a uniform period-
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Figure 4.3.: Transmittance spectra for all materials with different rod lengths. For
magnesium and silver the rod length is varied from 170 nm (dark blue)
to 290 nm (dark red) in 5 nm steps and for all other materials from
120 nm (dark blue) to 340 nm (dark red) in 20 nm steps.
4.3. Linear properties in the visible and infrared 77
The quality of the plasmon resonance can be evaluated by the transmittance
spectrum. For most purposes a plasmonic structure should exhibit a strong near-
field enhancement. Characteristic properties in the transmission spectrum for
a high near-field enhancement is a large modulation depth, indicating a strong
light interaction, and a narrow resonance width, indicating a long lifetime of the
plasmon. Based on this criteria the presented materials can be divided once
more into three categories. The best plasmon resonances exhibit silver, gold and
copper. This is rather expected, since these materials are the best conductors.
Intermediate plasmon resonances exhibit magnesium and aluminum. The most
unpronounced plasmon resonances exhibit nickel, palladium, germanium, yttri-
umdihydride and platinum.
One of the most striking properties of localized plasmons is the relation between
particle size and the plasmon resonance wavelength [94]. In figure 4.3 the trans-
mittance spectra for all investigated materials are shown for a wide range of par-
ticle sizes. The length of the rods is varied for all materials except silver and
magnesium from 120 nm (dark blue) to 340 nm (dark red). Silver and magnesium
are depicted for rod lengths varying from 170 nm (dark blue) to 290 nm (dark
red). Silver and magnesium are investigated more thoroughly due to further inter-
est in these materials. An open question is the influence of interband transitions
on the nonlinear signal. Gold, for example, has a d-band transition at roughly
500 nm [45]. Silver has this d-band transition at around 300 nm [115]. As intro-
duced in section 1.2.3 the linear susceptibility at the higher harmonic wavelength
contributes to the overall nonlinear signal. Therefore, it would be interesting to
compare the wavelength dependent nonlinear susceptibility of gold and silver.
Magnesium can be used to optically detect hydrogen [110]. The optical sensing
is done based on the resonance shift of the plasmon resonance introduced by the
transition from Mg to MgH. In section 4.6 it will be demonstrated that magnesium
can also be used for a nonlinear hydrogen sensing scheme exploiting the SHG of
magnesium.
The transmittance spectra depicted in figure 4.4 of all materials are subsequently
analyzed and the center wavelength is extracted and displayed in figure 4.3 as a
function of the designed rod length. The center wavelength is increasing linearly
for all materials with the rod length as predicted by theory [6]. This confirms
that the resonance is due to a localized surface plasmon. The increase is of the
same order for all materials. What is more, the materials show a different offset in
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the center wavelength. For the same rod length gold exhibits the longest center
wavelength and germanium the by far shortest center wavelength.
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Figure 4.4.: Center wavelength of the plasmon resonance in the transmittance
spectra as a function of the designed rod length.
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Figure 4.5.: FWHM of the plasmon resonance in the transmittance spectra as a
function of the designed rod length. Spectra are neglected where the
FWHM exceeds the resolved spectral range.
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Alongside the center wavelength, the FHWM is also extracted and plotted as a
function of the rod length in figure 4.5. The narrowest FWHM and therefore lowest
ohmic losses exhibit silver, gold, and copper. This is expected because these are
the best conductors. Little broader FWHM show magnesium and aluminum, then
palladium and platinum. The poorest FWHM are found for nickel and YH2. It has
to be mentioned that the period of the arrays is maintained at 500 nm that leads
to in coupling and broadening of the spectra for the longer rod lengths. Most likely
this explains the trend for germanium that shows a constant FWHM for increasing
rod length, whereas all other materials show an increase in the FWHM. However,
germanium exhibits the lowest center wavelength and the nanostructures may
couple less to the adjacent ones.
4.4. Thermal stability
In this section the thermal stability of the different materials is described. Mainly
the damage threshold and the kind of deterioration - chemical or dimensional -
shall be identified. Furthermore, the bare materials are compared to a alumina
covered system. The materials are discussed according to their bulk melting
point.
The damage threshold is based on changes in the transmittance spectra. There-
fore, the sample is subsequently heated for one hour at 500 ◦C, 800 ◦C and
1100 ◦C and after each step the transmittance spectrum is recorded. The dam-
age threshold is defined as temperature when the plasmon resonance vanishes.
For gold it was shown in the previous chapter that the gold plasmon resonances
deteriorates due to deformation of the material. To investigate the cause of the
deterioration before and after the heat cycle SEM micrographs are obtained.
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4.4.1. Magnesium and aluminum
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Figure 4.6.: Structural and optical properties of magnesium and aluminum struc-
tures after different heat treatments. The left column displays the
transmittance spectra before and after thermal treatment. The two
right columns depict SEM micrographs after the fabrication of the
nanostructures and after the loss of the plasmon resonance. The
scale bar is 200 nm.
Magnesium and aluminum exhibit the lowest bulk melting point of around 650 ◦C.
In figure 4.6 the transmittance spectra and SEM images are displayed.
Magnesium has the lowest melting point of all materials investigated. It exhibits
a well modulated plasmon resonance after preparation. Magnesium reacts with
water and oxygen in the surrounding air leading to a deterioration of the plasmon
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resonance in the course of a month. After heating it to 500 ◦C, the resonance
has vanished. For the SEM images, the usually used spin-on conduction poly-
mer conductive layer (Espacer (Showa Denko) or Electra (Allresist)) can not be
used, because it dissolves magnesium. Therefore, the bare magnesium samples
are metalized with a 2 nm chromium layer. Accordingly, the images for the bare
magnesium sample are from two samples with the same fabrication parameters.
From the SEM images it can be seen that the rods have deteriorated after heating
to 500 ◦C. They appear not to have deformed, in fact the magnesium seems to be
partly removed from the rods. The plasmon resonance is maintained after the alu-
mina covering. The ALD process is performed at 250 ◦C. Therefore, magnesium
appears to sustain temperatures of 250 ◦C. Heating the alumina-covered magne-
sium to 500 ◦C destroys the plasmon resonances. The nanostructures appear
to be still intact after heating. Accordingly, the material has most likely chemi-
cally deteriorated. No improvement in the thermal stability can be found for the
alumina-covered magnesium.
Aluminum has a 11 K higher melting point. What is more, it is known to be less
chemically reactive that is due to a self-terminating oxide layer forming at alu-
minum. Heating bare aluminum rods to 500 ◦C leads to a vanishing of the plas-
mon resonance. No structural deformation is visible in the SEM micrographs, in-
dicating a chemical deterioration. Since aluminum forms a natural alumina layer,
one could expect the additional alumina layer to be of no major importance. In
contrast to this expectation the ALD fabricated alumina layer seems to improve
the thermal stability. After heating the sample to 500 ◦C the plasmon resonance
is lowered in modulation depth, yet is sill clearly visible. Further heating to 800 ◦C
that is nearly 150 ◦C above the bulk melting point leads to a vanishing of the plas-
mon resonance. The rods seem to have expanded in the SEM image though
maintaining their shape. For aluminum, the alumina cover exhibits a significant
improvement of the thermal stability.
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4.4.2. Silver, gold, and copper
0
0.4
0.8
0
0.4
0.8
900 1300
1
-T
ra
n
s
m
it
ta
n
c
e
Wavelength (nm)
0
0.4
0.8
0
0.4
0.8
0
0.4
0.8
0
0.4
0.8
20°C 800°C
20°C 1100°C
20°C 500°C
20°C 500°C
20°C 500°C
20°C 800°C
after
preparation
after
degradation
20°C
500°C
800°C
1100°C
961°C
Ag
1063°C
Au
1083°C
Cu
Figure 4.7.: Structural and optical properties of silver, gold and copper after differ-
ent heat treatments. The left column shows the transmittance spec-
tra before and after thermal treatment. The two right columns depict
SEM micrographs after the fabrication of the nanostructures and after
the loss of the plasmon resonance. The scale bar is 200 nm.
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Silver, gold, and copper exhibit a melting point around 1000 ◦C. In figure 4.7 the
transmittance spectra and SEM images are displayed. These three metals exhibit
the best plasmon resonances with the narrowest resonance and largest modula-
tion depth. No decisive difference is visible in the performance of the plasmon
resonance for these materials.
Silver exhibits the lowest melting point for this group. Silver nanostructures ap-
pear to be chemically stable in air for at least two weeks, based on the absence
of deterioration to the plasmon resonance. Heated to 500 ◦C the plasmon reso-
nance vanishes. In the SEM image a strong deformation from the initial rods to
disc shape particles can be observed. This indicates an Ostwald ripening pro-
cess that was also seen previously for gold. An additional chemical deterioration
cannot be excluded. The alumina-covered silver exhibits a clearly improved ther-
mal stability. After heating to 500 ◦C the modulation depth has slightly decreased,
however, the resonance is nearly unchanged. Heating to 800 ◦C leads to com-
plete loss of the plasmon resonance. Moreover, the whole structure vanishes.
Neither in a confocal microscope nor in a SEM the structures could be found.
Even massive 100µm structures vanished. Silver is the only material without a
chromium or titanium adhesion layer, due to the necessary germanium wetting
layer. The absence of the adhesion layer may lead to a decreased thermal stabil-
ity.
For gold it was shown in the previous chapter that gold deforms, however it does
not chemically degrade. The damage threshold is increased by the alumina cover
from 500 ◦C for the bare structure to around 900 ◦C.
The highest melting point in this group belongs to copper. Heating copper to
500 ◦C gives rise to a strong deterioration of the plasmon resonance, whereas
the rod shape is maintained. Therefore, copper most likely deteriorates chemi-
cally. Copper can be covered with an alumina layer. However, this depends on
the copper fabrication [116]. Samples evaporated under poor vacuum conditions
deteriorated strongly during the ALD process. Covering copper with alumina does
not enhance the thermal stability. Even with the cover, the plasmon resonance
is deteriorated after heating to 500 ◦C. What is more, the SEM images show a
strong grain growth on the covered samples that is not observed for the uncov-
ered samples. Copper most likely reacts with the alumina cover.
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4.4.3. Nickel, palladium, and platinum
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Figure 4.8.: Structural and optical properties of nickel, palladium and platinum af-
ter different heat treatments. The left column shows the transmittance
spectra before and after thermal treatment. The two right columns
depict SEM micrographs after the fabrication of the nanostructures
and after the loss of the plasmon resonance. The scale bar is 200 nm.
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The group with the highest melting point comprises of nickel, palladium and plat-
inum. Their melting point is far above the maximum furnace temperature of
1100 ◦C. The transmittance spectra and SEM images are displayed in figure 4.8.
The plasmon resonance of all of these materials is unmodulated compared to the
gold-like materials above. This is due to higher ohmic losses in the materials.
Therefore, they are not as well suited for most plasmonic applications. However,
especially palladium and platinum are excellent catalysts, which can give proper-
ties not possible with better plasmonic materials.
The plasmon resonance of nickel deteriorates already at 500 ◦C that is rather
low compared to its melting point. Moreover, the shape of the nanostructures
is maintained and grains have formed on the particle surface. This indicates a
chemical degradation. The alumina-covered structure exhibits no deterioration
at 500 ◦C. At 800 ◦C the plasmon resonance vanishes. The SEM images display
no change in the shape, however grains have formed on the particle surface as
without cover.
The bare palladium structure loses its plasmonic resonance after heating to 500 ◦C.
Once more, the reason is most probably a chemical deterioration, since the
nanoparticle shape is maintained. The alumina cover can increase the thermal
stability shifting the loss of the plasmon resonance to 800 ◦C. Also here the loss
is most likely due to a chemical deterioration.
Finally, platinum has the highest melting point among the investigated materi-
als. The uncovered structures exhibit a narrower and more modulated plasmon
resonance after heating to 500 ◦C. This effect is most likely due to a sintering ef-
fect that was also observed for gold nanostructures. After the next heating step
the plasmon resonance is strongly shifted to shorter wavelengths. In the SEM
micrographs, a deformation of the nanostructures is visible that causes a shift of
the plasmon resonance wavelength to shorter wavelengths. This is in accordance
with the low chemical reactivity of platinum that excludes a chemical deterioration.
The alumina-covered structures exhibit an even superior temperature stability. Af-
ter heating to 500 ◦C and 800 ◦C the resonance is narrowed and the modulation
depth increased. The plasmon resonance vanishes after the final heating step
to 1100 ◦C. In the SEM image, sever cracks in the nanostructures can be seen,
whereas the shape is maintained. Moreover, the strong contrast difference be-
tween individual nanostructures may be a sign for the partial removal of platinum
from some nanostructures. Also for gold a partial removal of the material was
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observed for the highest furnace temperature and explained by the destruction
of the protective alumina layer. A thicker alumina layer may improve the thermal
stability further as it was demonstrated for the case of gold.
4.4.4. Germanium and yttriumdihydride
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Figure 4.9.: Structural and optical properties of germanium and yttriumdihydride
after different heat treatments. From the top: Bare Ge, Ge with 4
nm alumina cover, bare YH2, YH2 with 4nm alumina. The left column
shows the transmittance spectra before and after thermal treatment.
The two right columns depict SEM micrographs after the fabrication
of the nanostructures and after the loss of the plasmon resonance.
The scale bar is 200 nm.
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Two more uncommon materials for plasmonic applications are germanium and
yttriumdihydride. Both exhibit rather unmodulated plasmon resonances that can
be seen in figure 4.9
The germanium plasmon resonance is very much shifted to lower wavelengths
compared to all other materials. Heating germanium to 500 ◦C destroys the plas-
mon resonance, whereas no change in the nanostructure can be seen in the SEM
micrographs. Covering the material with alumina does not improve the thermal
stability.
The same is true for yttriumdihydride. The structures lose their plasmon res-
onance after being heated to 500 ◦C. The shape is maintained for both cases,
indicating a chemical degradation.
4.5. Illumination stability
As last property of the different materials the photo stability of the different ma-
terials shall be investigated. As above for the case of gold TH spectroscopy is
used. The measurement setup and procedure is the same as in the case of gold
in section 3.8. The measured time evolution of the THG and the transmittance
before and after laser exposure are displayed in figure 4.10 for silver, aluminum,
gold and copper. All other materials do not generate a TH signal exceeding the
TH signal of the Suprasil substrate. A material is defined stable at a certain
exposure intensity if the THG over time does not change. To find the damage
threshold the exposure intensity is raised subsequently in steps from 0.3 GW/cm2
to 10.3 GW/cm2 that is the maximum the laser can provide.
Silver is the most susceptible material to laser exposure. Silver and gold have
both rather high nonlinear susceptibilities. Copper and aluminum exhibit lower
susceptibilities. For the uncovered silver sample already a exposure intensity of
0.6 GW/cm2 leads to a rapid decay of the THG. The maximum stable exposure in-
tensity is 0.3 GW/cm2. The fluctuation of the THG at this low exposure intensity is
due to the poor signal to noise ratio at low exposure intensities. The fundamental
plasmon resonance is strongly changing as well. For the alumina-covered silver
the THG exhibits an increased stability up to at least 0.6 GW/cm2. However, the
THG is rapidly degrading at 1.1 GW/cm2. A change of the fundamental plasmon
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resonance is also visible in this case, yet less pronounced.
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Figure 4.10.: Linear and nonlinear response of silver, aluminum, gold and cop-
per. The time evolution of the THG and the transmittance spectrum
before and after laser exposure are depicted for each material in the
covered and uncovered version.
Aluminum generates a stable TH at 2.3 GW/cm2 for the covered and uncovered
case. The signal is rather weak for the same exposure intensity compared to
silver, while aluminum withstand much higher exposure intensities. Doubling the
exposure intensity leads for both structures to a deterioration of the signal over
time. No differences in the fundamental plasmon resonances can be seen. How-
ever, even slight changes in the linear properties lead to massive changes in the
nonlinear properties and can account for the observed changes in the THG.
The case of gold was already discussed in detail in section 3.8. At the highest
available exposure intensity the bare structure exhibits a deterioration over time,
whereas the covered structure maintains the THG after the initial time step. Only
slight changes in the fundamental plasmon resonance are observed.
Copper exhibits a rather weak THG. Furthermore, the THG generation deterio-
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rates at low exposure intensities. The covered structures show an increase in
photo stability from 0.6 GW/cm2 to 1.1 GW/cm2. No major changes can be seen
in the fundamental plasmon resonance before and after laser exposure, compa-
rable to all cases with small changes in the THG.
4.6. Nonlinear hydrogen sensing with magnesium
Magnesium nanostructures are demonstrated to be good hydrogen sensors [110].
The generated TH of magnesium rods cannot be distinguished from TH gener-
ated by the Suprasil substrate. However, the substrate does not generate SH at
all. Therefore, it is possible to identify the magnesium as the source of SH that is
displayed in figure 4.11.
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Figure 4.11.: THG and SHG for different excitation powers from the Suprasil sub-
strate (reference) and a magnesium sample with rod dimensions of
60 nm width, 220 nm length, and 50 nm height.
It was demonstrated by Mesch et al. [117] that nonlinear sensing based on a
change in the surrounding refractive index does not improve the signal to noise
ratio of the sensing, yet substantially increases the complexity of the measuring
setup. Refractive index sensing uses the interaction of the plasmon with the sur-
rounding dielectric material, however the intrinsic material properties of the plas-
monic material are not changed. This is very different for the hydrogen sensing
scheme with magnesium. The hydrogen sensing is done by a chemical reac-
tion of hydrogen with the magnesium. Therefore the plasmonic material changes
its electronic properties and has a phase transition from a metal to an insulator.
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Thereby, strong changes in the nonlinear susceptibility can be expected and might
potentially lead to an increased performance of a nonlinear sensing scheme.
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Figure 4.12.: Layout for the hydrogen sensing with a magnesium rod and plasmon
resonance for rods of different length
For hydrogen sensing, a catalyst to split hydrogen is needed. Therefore, the
nanostructures consist of a titanium adhesion layer to the Suprasil substrate, a
50 nm magnesium layer, a 5 nm titanium buffer layer and a 10 nm catalytic pal-
ladium layer. The buffer layer is used to prevent alloying of magnesium and
palladium. These structures were fabricated and exhibit plasmonic resonances
comparable to the bare magnesium structures as displayed in figure 4.12. For
the nonlinear sensing an experimental setup is needed that combines a suitable
laser source such as the laser outlined in the previous section with a controllable
gas environment. Such flow cells exist, however could not be incorporated due to
time restraints.
4.7. Plasmons in topological insulators
Bi2Te2Se (BTS) is a topological insulator and reported to support edge state plas-
mons [99, 100]. Furthermore, the material is reported to exhibit a large nonlinear
susceptibility [15]. Therefore, the observation of a plasmon resonance and a TH
generation could be possible. Macroscopic BTS crystals can be grown as well
as thin BTS flakes with lengths of several µm and thicknesses as thin as 50 nm
[118, 119] rendering a number of different experimental studies possible. The
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nonlinear susceptibility of the BTS is rather high. Therefore, a BTS-gold hybrid
material comparable to the organic-plasmonic material introduced in chapter 2
should be able to increase the nonlinear response of the gold system. The gold
rods can be fabricated on the BTS via electron lithography as depicted in figure
4.13. BTS tends to oxidize. Therefore, the BTS is placed in argon plasma before
the gold evaporation.
100 µm 2 µm
2 µm100 µm
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c d
Figure 4.13.: (a) Microscope image of a bulk BTS crystal1 with square gold rod
arrays. (b) SEM image of gold structures on the BTS crystal. (c)
Microscope image of a BTS flakes2 on a mica substrate with square
gold rod arrays. (d) SEM image of gold structures on the mica and
BTS flakes of different thicknesses.
There are several challenges with these structures. No plasmonic response from
the gold rods can be observed in bright field measurements for the bulk BTS
crystal. The conductivity of the BTS is most likely sufficiently high to prevent the
1BTS crystal provided by Chengtian Lin.
2BTS flakes provided by Kristina Vaklinova.
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formation of a plasmon in the gold nanostructures. In contrast, for the thin BTS
flakes plasmon resonances could be observed. However, the BTS flakes grow
randomly distributed on the substrate. Accordingly, the amount of gold rods on
BTS varies strongly between different arrays. No correlation between the BTS
coverage and plasmonic response could be found.
To overcome the above mentioned challenges, two steps are taken. First, not a
hybrid gold-BTS system is investigated but a bare BTS system. BTS can exhibit
plasmons and numerical simulations (CST) based on the measured refractive
index from bulk BTS suggest that nanostructured rods should exhibit a plasmon
resonance around 1000 nm to 1500 nm as depicted in figure 4.14.
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Figure 4.14.: (a) BTS flakes grown on a mica substrate. (b) Single BTS nanorod
milled out of a flake by a focused ion beam. (c) Refractive index
measured with ellipsometry on a bulk BTS crystal1. (d) Numeri-
cal simulation of a scattering spectrum of a BTS rods with varying
length, 100 nm thickness, and 50 nm width.
To realize arrays of BTS nanostructures is extremely challenging due to fabrica-
1Data provided by Timofei Larkin.
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tion restraints. Therefore, as second step the fabrication and measurement was
shifted from arrays to single particles. To fabricate the single BTS nanostructures
BTS flakes are transferred from the mica substrate to a Suprasil substrate. This is
necessary due to the different measurement scheme. The spectrum of the single
particles can only be detected in a dark field microscope. The mica as well as
adjacent BTS structures scatter too much light masking the scattered light of the
single BTS nanostructure. After the transfer, the well separated BTS flakes are
cut into rods via focused ion beam milling.
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Figure 4.15.: (left) BTS nanostructure and cross milled in the substrate. (right)
Scattering spectrum of differently sized nanostructures and the
cross. Sample 1 belongs to the structure shown on the left.
The predicted plasmon resonance should be resolvable in a dark field micro-
scope. However, no conclusive resonance at the expected wavelength range
could be observed. In figure 4.15 one measurement is depicted for three differ-
ent rod-like samples, which all have different thicknesses and vary in length by
at least 100 nm. A resonant-like behavior is seen in the scattering signal. How-
ever, no shift in the center wavelength can be observed, which is a key feature
of a plasmon resonance. What is more, also a simple cut in the substrate ex-
hibits a comparable scattering signal. Therefore, we assume that the observed
resonance-like shape is not due to a plasmon resonance.
There are several possible explanations, why the predicted plasmon resonance
cannot be observed. The material could have been contaminated during the dif-
ferent preparation steps and have changed its optical properties. Another possi-
ble explanation is a very week scattering cross section of the BTS. In section 3.9
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scattering spectra of single gold rods were presented. In the case of the excellent
good scatterer gold, resolving the resonance in the near-infrared is nearly at the
edge of the resolution capability of the used device. One issue is the short avail-
able integration time, since the dark current saturates the detector after around
20 s. The signal could be increased with an array of rods instead of a single rod
and switching from a dark field to a bright field microscopy setup. However, this is
rather challenging from a fabrication point of view. To exclude the effect of different
thicknesses and crystal orientations the BTS flakes have to be transferred from
the mica substrate with high coverage to another substrate. This transfer yields
only a small amount of usable BTS flakes and even less flakes large enough for
a sufficiently large array. Fabricating large flakes at a low density of flakes could
not be achieved.
The milling process without optimization leads to non-uniform rods, which are
displayed in figure 4.16. No plasmon resonance could be observed in a bright
field setup with the presented samples. However, since the structures are rather
deformed this is not surprising. Nevertheless, with further optimization of the FIB
milling process it is very likely to fabricate uniform arrays of BTS rods that could
reveal the expected plasmon resonance.
1µm 1µm
Figure 4.16.: Arrays of BTS rods fabricated via FIB milling.
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Conclusion
In this thesis several types of hybrid materials are introduced to improve plas-
monic materials for nonlinear optics.
The initial goal was the idea to use the evanescent field of plasmonic nanos-
tructures to increase the nonlinear conversion efficiency. In recent years several
studies concerning hybrid gold nanostructures have been presented orders of
magnitude enhancements in the nonlinear signal generation. However, basically
none of the previous studies determined the source of this enhancement. It has
never been investigated, whether the source is the added nonlinear material or
other key factors such as the linewidth and oscillation strength of the linear reso-
nance. What is more, the enhancement is normally relative to an arbitrary chosen
reference. Therefore, the studies are not comparable with each other. To address
this issues a simple organic-plasmonic hybrid material was realized where it was
possible to verify, by careful parameter variations, the source of the enhancement
to be the added nonlinear organic material. This is only possible because the
nonlinear susceptibility of the polymer can be switched off by photo degradation,
whereby the linear properties remain unchanged. This is advantageous to proof
this concept to work, however, it hampers the usage of the material for high-power
applications. Specially designed polymers exist for this purpose, which could be
used to increase the photo stability. Additionally, as reference the spectrally flat
response of the glass substrate was chosen, which can be easily reproduced and
compared.
The increased nonlinear conversion efficiency of hybrid plasmonic nanostructures
is in good agreement with previous publications. However, the enhancement ob-
served for the presented material system is by far smaller compared to previous
studies. This is most probably due to the chosen reference. Many studies com-
pare an off-resonant plasmonic system with a resonant hybrid plasmonic system.
However, the comparison of the nonlinear susceptibility of off-resonant and on-
resonant gold particles gives an enhancement factor of around three orders of
magnitude (see figure 1.2). Main arguments against a strong enhancement is
the large nonlinear susceptibility of the gold. Additionally, the volume of the gold
nanostructure is typically larger than the area of the evanescent near-field in the
proximity of the nanostructure. Accordingly, the additional nonlinear material has
to compete with the rather large nonlinear signal of the gold nanostructures.
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An issue that rose from the research on hybrid organic-plasmonic polymer was
the photo stability of the gold nanostructures. These nanostructures are found
to be susceptible to laser radiation as well. Gold deforms at rather low tempera-
tures, which can easily be achieved by the absorption of laser radiation. This is a
fundamental problem since gold is the most commonly used plasmonic material
and many applications demand a stable plasmonic resonance at elevated tem-
peratures and intense illumination. Besides nonlinear optics, applications such
as photovoltaics, photo thermal or heat assisted catalysis are obvious examples.
A possible solution to realize a thermally stable plasmonic material is the use of
refractory materials such as TiN or tungsten. However, these materials are chem-
ically far less stable than gold, leading to a destruction of the plasmonic properties
in air at rather low temperatures. Moreover, their linear optical properties are far
inferior compared to gold and in addition, their fabrication is more complicated.
To improve the thermal and photo stability of gold nanostructures the widespread
concept of a protection layer was applied. Basically, a hybrid material comprised
of a protective dielectric material and a plasmonic material was created. As pro-
tective material alumina was chosen, which can be fabricated with atomic layer
deposition. A layer thickness as thin as 4 nm significantly enhances the thermal
properties. The thermal degradation threshold is increased from around 500 ◦C
to nearly 900 ◦C, which is rather close to the melting point of gold at 1063 ◦C.
Moreover, the illumination stability is increased as well to at least 10 GW/cm2.
This intensity is around one order of magnitude larger than the normally applied
intensity for nonlinear optics with gold nanostructures. As a simpler and cheaper
alternative to the atomic layer deposited alumina IC1-200 was presented as pro-
tection layer, which can easily be spin-coated.
The protected gold nanostructures can be used for high power applications. An
obvious application is spectroscopy. With the protected gold, spectroscopy can
be done at higher intensities increasing the signal to noise ratio and reducing
the integration time. Another interesting application would be to enhance the
local field for time resolved solid state spectroscopy. The used intensities for
this applications are much larger than what unprotected gold nanostructures can
withstand. Many effects like coherent phonon oscillations depend on the local
electric field. If the local field inside the material of interest can be increased
with the help of plasmonic materials it may be possible to significantly reduce the
experimental effort. Less powerful and therefore less complex laser systems may
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be used.
Ag Al Au Cu Ge Mg Ni Pd Pt YH2
Melting 961 660 1063 1083 937 649 1455 1552 1769
point (◦C)
Plasmon + o + + - o - - - -
resonance
SHG yes yes yes yes no yes no no no no
THG yes yes yes yes no no no no no no
Chemical o o + o o - o o + o
stability
Thermal 500 500 600 500 500 500 500 500 800 500
stability (◦C)
Thermal 800 800 900 500 500 500 800 800 1100 500
stability (◦C)
(alumina)
Process D C D C C C C C D C
Table 4.1.: Summary of the investigated data concerning the linear and nonlin-
ear optical properties and the chemical and thermal stability. The last
row indicates the process of the thermal degradation. "D" stands for
"deformation" and "C" for "chemical deterioration".
Finally, the scope of the investigated materials was extended to other plasmonic
materials than gold. Gold exhibits many beneficial properties, however, other
materials have unique properties which gold does not exhibit. For example, an in-
teresting and yet unclear issue is the influence of the interband transitions on the
nonlinear susceptibility. Gold has a d-band transition at 500 nm, whereas silver
has a d-band transition at 300 nm. Comparing these materials could greatly im-
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prove the understanding of the influence of interband transitions on the nonlinear
susceptibility. Other materials such as copper, palladium, platinum, and nickel are
catalytically active. Magnesium and YH2 can be used for hydrogen sensing. Alu-
minum could be used as low cost material to partly replace expensive materials
like gold. For All these materials the linear and nonlinear plasmonic properties are
characterized and additionally the chemical and thermal stability with and without
an alumina coating was investigated.
In table 4.1 the findings regarding the investigated materials are summarized.
The first row gives the bulk melting point as an indicator for the expected ther-
mal stability. The second row displays the quality of the plasmon resonance. A
good plasmon resonance exhibits a narrow FWHM and high modulation depth.
The good conductors are the materials with the best plasmon resonances, as
expected.
The nonlinear properties are indicated in the following two rows. THG was found
for silver, aluminum, gold, and copper. SHG was found for the previous ones
and additionally for magnesium. The SHG of magnesium may be used for non-
linear hydrogen sensing. The chemical stability is summarized in row five. Gold
and platinum are the least chemical reactive materials. Magnesium is the most
unstable material and deteriorates within weeks in an air environment. All other
materials are stable under ambient conditions at least for two weeks. The ther-
mal stability is indicated in the last two rows for the bare and the 4 nm alumina
covered structures. Gold and platinum are the most stable materials in this cate-
gory. It has to be stressed that the listed temperatures indicate the first temper-
ature where a deterioration of the plasmon resonance was observed. Except for
the case of gold, only a selected number of temperatures has been investigated
(500 ◦C, 800 ◦C, 1100 ◦C). Therefore, the given temperature is only a rough es-
timate. All materials, except gold, silver, and platinum, are found to deteriorate
mainly due to chemical reactions. Gold and platinum nanostructures deform and
do not chemically deteriorate. Silver nanostructures deform as well. If a chemical
deterioration occurs as well is unclear.
In addition to the presented materials the topological insulator Bi2Te2Se (BTS)
was investigated. For this material plasmons were recently observed via electron
excitation. To optically detect the plasmon resonances, nanostructures were fab-
ricated via several different methods. However, no plasmon resonance could be
identified. Most likely the scattering cross section of an individual BTS rod is not
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sufficient to be detected in a dark field microscope. Further work may reveal the
plasmonic behavior if arrays of BTS rods are fabricated and measured in a bright
field setup.
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Figure A.1.: Change of the center wavelength and FWHM of the transmittance
spectra for gold rods with length from 140 nm (dark blue) to 320 nm
(light green) in 20 nm steps
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